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NOTICE

This report was prepared as an account of Government sponsored
work., Neither the United States, nor the National Aeronautics

and Space Administration (NASA), nor any person acting on
behalf of NASA:

A)

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, apparatus,
method, or process disclosed in this report may not
infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for domages resulting from the use of any infor-
mation, apparatus, method or process disclosed in
this report.

As used above, "person acting on behalf of NASA” includes
any employee or contractor of NASA, or employee of such con-
tractor, to the extent that such employee or contractor of NASA,
or employee of such contractor prepares, disseminotes, or

provides access to, any information pursucnt to his employment

or contract with NASA, or his employment with such contractor.
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SOLAR THERMOELECTRIC GENERATOR

DESIGN AND DEVELOPMENT PROGRAM

by

V. Raag, R.E. Berlin, and L.H. Gnau

ABSTRACT

A silicon-germanium solar thermoelectric generator has been designed for
operation at a distance of 0.25 AU from the sun. The generator delivers 150
watts of electrical power at a nominal load voltage of 28 volts; produces 3644
watts per square foot of generator areay and weighs 3.23 pounds per square foot.
The design and analysis of both thermoelectric and mechanical performances of this
generator are considered in detail. Engineering layout drawings of the generator

and its components are also presented.




I. SUMMARY

The objectives of this program, as defined by Contract NAS3-10600, are:

1) the design of a 150-watt, 28-volt flat plate solar thermoelectric gen-
erator uﬁing silicon germanium as the thermoelectric material, and 2) the
fabrication of three (3) representative sections of the generator (nine
couples in a three-by-three array) for test by NASA. This report covers the
design of the Solar Thermoelectric Generator prepared during Tasks I and II.

A subsequent report, to be issued at the conclusion of Task IILI, will describe

the panel fabrication program.

The potential applications of this generator design would include solar
probes or interplanetary missions requiring the operation of spacecraft in
the region between Mercury and the Sun. BEither the use of solar thermo-
electric generators alone or combined with solar photovoltaic power supplies
would appear feasible. However, in the former case, little or no electrical

power would be generated in transit, i.e., from Earth to design point.

A major design goal was to achieve a low-welght panel structure. A generator
specific weight goal of / pounds per square foot was established, with a
capability of producing a minimum of 35 watts of electrical power per square

foot when operating at a distance of 0,25 astronomical units from the sun.

To achieve an optimal thermoelectric deslgn configuration having a minimum
system weight, there was need at the beginning of this program for analytic
techniques better than thoss previously used. Prior analyses of thermo-
electric devices operating with a constant heat source were not suitable for
detailed performance calculations and for the design and optimization of
thermoelectric generators because of over-simplification and/or the method of

approach. (See Section II) Therefore, the appropriate performance equa-

tions were derived in detail and programmed for solution on a high speed RCA 401

Computer.

The derived analysis which is discussed in detail in Section II, is unique

in that it considers the heat-balance effects at the hot and cold sides of the




panel (the transverse heat flow in the hot shoe and radiator) and the genera-
tion of Thomson heat in the thermoelements. It also solves the resulting
Poisson heat-flow equations instead of using a numerical approximation. In

addition, the hot and cold Junction temperatures are not assumed to be fixed.

The resulting analysis, after programming and debugging, was then available

as a highly flexible and accurate tool for optimization. The procedure used

to derive the reference design, which involved the calculation of some 1300
configurations, is described in Sesction III A, Briefly, the procedure

involved varying four parameters (hot shoe area AS’ p-type element cross
sectional area AP’ element length Z, and load ratio m), screening the
resulting 1300 configurations to narrow the range of consideration by cross
plotting of parameters, and then recalculating the couple to thermoelectrically
optimize the configuration.

After the optimum thermoelectric couple configuration was selected, consider-
ation of the state-of-the-art capability to fabricate extremes 1n hot shoe
and element sizes dictated making minor modifications (increase the element

length and cross section area) to the design to assure mechanical stability.

The reference design determined from the combined thermoelectric and mechanical

analysis is as follows:

Reference Degign Objective

No. of Couples 480 -
Current 5,63 amps -
Voltage 26.6 volts 28
Power 150 watts 150
Efficiency 3.57 percent -
Weight 13.3 1bs -
Area 412 £t° -
Specific Weight 3.23 1b/ft° 4s0
Power/Area 36.36 watts/ft2 35
Power/Weight 11.27 watts/1b -
Heat Transmitted 4190 watts -




Reference Design Objective

Hot Junction Temperature 1063.8 9K (14569F) -
Cold Junction Temperature 702.8 9K (8050F) -
Hot Plate Temperatures nominal
Edge 1100,9 9K (1521°F)  1500°F
Center 10644 9K (1457°F) -
Cold Plate Temperatures
Edge 683.3 °K (784°F) -
Center 687.5 9K (777°F) -

The selected generator configuration consists of two panels of 240 couples

each, each panel consisting of 20 sections fitted into a Beryllium frame.

Once the reference design was established, and approved by NASA, detailed
design layouts of the generator and test sections were prepared (see Sections
III E and IV A). A stress analysis of the thermoelectric generator components,
assuming specified environmental loadings, was performed (Section III F).
Acceleration, vibration, acoustic noise, and thermal cycling were considered.
The analysis indicated that the stress levels are well below the allowable

stresses.

In addition, the temperature profile (Section III B) and the component weight
analysis (Section III C) on the panel were performed. The computer analysis
was also utilized to determine the effect of varying the characteristics of
the hot shoe absorber coating and the radiator coating on the performance of
the generator (Section III D). Furthermore, it was possible to evaluate the
off-design performance of the generator at distances other than 0.25 AU from
the sun (Section III D).

In summary, the following ars the achievements of this phase of the program:

A) A silicon germanium solar thermoelectric generator design has been
determined which will produce 150 watts at a specific welght of 3.23
lb/ft2 and 36.4 watts/ftz, which can be utilized for missions oper-
ating in the range of 0.25 AU from the sun.




c)

A rigorous and highly accurate thermoelectric analysis has been
derived and computerized for use in design and evaluation of solar
thermoelectric generators (and which can be adapted to lsotope

application with a minor modification).

Detailed design layouts of the generator and test panel have been

prepared.

Supporting stress analyses have been prepared in depth.

Off-design generator performance conditions have been analyzed.



II. SOLAR PANEL THERMOELECTRIC GENERATOR PERFORMANCE CALCULATIONS

In the design and in the performance analysis of thermoelectric power gener-
ators, a variety of methods are commonly used. The most usual of these are
based on the assumption that the generator operates between fixed hot- and
cold-junction temperaturesgl’z) Fixed temperature operation implicitly
assumes that the generator operates between a heat source and a heat sink of
infinite capacity. Although this assumption permits considerable simplifica-
tlon in performance analyses, the results may be considered only approximate
because in actual practice the assumption is not justified. In most appli-
cations, thermoelectric generators are coupled to flnite heat sources
supplying constant amounts of hest. This condition corresponds to the
situation that is converse to the one usually assumed; namely, the hot- and
cold-junction temperatures are variable and the heat input is fixed. Solar
thermoelectric generators and radioisotope thermoelectric generators are
examples of devices operating in this manner. As Castro and HapéB)point out,
the difference between the two types operation is analogous to that in the
operation of an electrical network under constant voltage and constant current

conditions.

A few treatments of the performance of thermoelectric devices have considered
operation under conditions of constant heat inpu‘£3’4’5) These treatments,
however, are not generally suitable for detailed performance analyses and for
the design and optimlization of thermoelectric generators because of further

(3)

outlined the method to be used in analyzing the performance of a thermoelectric

simplifying assumptions and/or the method of approach. Castro and Happ have
device operating under conditions of fixed heat input but, for the case of a
solar thermoelectric generator, have neglected reradiation effects at the hot
side. Generally, they do not consider shunt heat losses or parasitic electrical

losses in the device.

Fuschillo et al(A) have treated the case of a solar thermoelectric generator
operating in space in the form of a panel. In their analyses, Fuschillo et al
do account for reradiation effects at the hot side of the panel, but do not
account for temperature drops in the thermoelectrically passive members of the

thermal circuitj nor do they account for parasitic electrical losses. Moreover,




they make the implicit assumption that the n- and p-type legs of the thermo-
couples possess identlcal thermoelectric properties, a condition that 1s
rarely, if ever, met in practice. The further assumption is made that maximum
power is transferred to the load when the internal and load resistances are
matched. This condition is not true for operation under fixed heat input
conditions, and only applies under conditions of fixed temperature operation.
Finally, Fuschillo et al(A) neglect the effects of transverse heat flow in the
heat-collection and heat-rejection plates on the opposite faces of the panel,
and implicitly assume the temperature independence of the Seebeck coefficlent
of the thermoelectric material by neglecting Thomson heat in the net heat

balance of the thermoelements.

(5)

in terms of a simultaneous set of time-dependent, non-linear second-order

Lyon and Anderson describe a solar thermoelectric energy conversion panel
differential equations. Because of non-analyticity, these equations are
solved numerically on a computer. Although this treatment is considerably
more sophisticated than most others and makes fewer simplifying assumptions,
it is, nevertheless, unsuitable for designing a practical solar thermoelectric
energy conversion panel and for characterizing the performance of that panel
in terms of changing input conditions and panel properties. The reasons for
this conclusion are: 1) that the treatment neglects the temperature drops
across all thermoelectrically passive members (such as electrical insulators,
current conductors, etc.) between the thermoelements and the heat-collection
and heat-rejection plates that usually exist in an actual generator and 2)
that the treatment is based on initially chosen hot- and cold-junction tempera-
tures and calculated generator dimensions. It is more realistic to allow
temperatures to vary and to fix theé§enerator configuration because this is
how a generator actually operates. To study the behavior of a generator
under conditions of varying input, such as varying values of incident solar
heat flux, it is much more convenient to use the latter approach. This pro-
cedure is also true if it is desired to investigate the performance of a
fixed configuration solar thermoelectric panel in terms of varying propertiles
of component materials, such as the emittance characteristics of coatings,

(5)

which may undergo change with time. Moreover, Lyon and Anderson only treat
the case in which direct heat transfer between the heat-reception and heat-

rejection plates takes place by radiation. Many solar panel thermoelectric




generators, however, are designed with insulation in the space between the
plates so that the actual mode of heat iransfer i1s conduction rather than

radiation.

Because of some of the shortcomings of most previous attempts to define the
method of analysis of thermoelectric devices, it was concluded that a new
analysis would be required to permit the design and optimization of practical
solar thermoelectric generators operating in space. As a result, appropriate
performance equations were derived in detail and programmed for solution on

a high speed computer. The method used for doing this work will be developed
later. Of all previous attempts to rigorously define the per€g§mance analysis

of solar thermoelectric generators, that of Lyon and Anderson probably most
closely approximates the present treatment. Both treatments consider in
detail the heat balance effects at the hot and cold sides of the panel and
account for the generation (absorption) of Thomson heat in the thermoelements.
Both of these effects are generally handled superficially or completely
ignored in most other treatments. There are, however, baslic differences
between the present work and that of Lyon and Anderson(S)° Aside from the
shortcomings already cited, which have been accounted for in the present

(5)

treatment, Lyon and Anderson obtain numerical solutions to their differen-
tial equations on a computer. In the present work, a simplification of the
geometry of heat-~reception and heat-rejection plates enables analytical
solution of thess differential equations. The simplification results in a
slight loss of rigor, which in practice has almost negligible effects on the
results, but permits considerably greater insight into the physics of the
problem. Another basic difference between the two treatments is that Lyon and

(5)

Anderson solve the time-dependent problem, whereas the ?resent work considers
the time-independent situation. Time-dependence is important only in cases
where there are rapid changes in the incident perpendicular heat flux on the
heat-reception plate. Such changes may occur in the close proximity of a
planet or if the generator rapidly alters its orientation with respect to the
sun. The present treatment does not consider such short-time transient effects.
Finally, modifications in the present development will also permit its use in

the design and analysis of radioisotope thermoelectric generators.




The model used in developing the necessary equatlons which describe the per-
formance of a solar thermoelectric generator is illustrated in Figure 1.
The single thermocouple represents a building-block of the generator and

serves as the unit on which all calculations are performed. Desired power

INCIDENT HEAT

HEAT RECEPTION PLATE

HOT STACK

INSULATION (OPTIONAL)

~

THERMOELEMENTS
\ ELECTRICAL CONNECTOR
COLD STACK

A A A A A At

REJECTED HEAT

FIGURE 1. SCHEMATIC— CROSS SECTION OF THE THERMOCOUPLE

voltage characteristics of a system are obtained by appropriate combinations

of single thermocouples. The thermocouple configuration consists of heat-
reception and heat-rejection plates, in between which are the n- and p-type
thermoelectric elements. Generally, on both ends of the thermoelements, there
are so—-called "stacks" which metallurgically connect the elements to the plates.
The purpose of the stacks is to relieve stresses that arise from differential
thermal expansion of the plates and the elements, and to afford low-loss
thermal coupling between these members. If necessary, the stacks also include
electrical insulators to isolate the electrical circuit from the remainder of
the structure. To minimize shunt heat losses, the space between the plates

not occupied by thermoelements may be filled with thermal insulation.




The thermocouple shown in Figure 1 has a fixed configuration and contains
definite materials with their corresponding physical properties. The thermo-
couple configuration, although fixed, is completely arbitrary and the dimen-~
sions of its components have in no respect been optimized. One face of the
thermocouple is assumed to be exposed to a perpendicular heat flux W. Because
of the finite thermal resistance of the thermocouple configuration, the incident
heat flux will establish a temperature difference across it. The heat

appearing on the back side of the thermocouple will be dissipated by radiation

into space at an assumed space temperature of zero degrees Kelvin,
The total heat incident on the thermocouple is given by
Qp = Wa A, (1)

where AT is the area and a ig the absorptivity of the heat-reception plate.
The total heat, QT, flowing from the heat-reception to the heat-rejection
plate is less than the incident heat, QI, because some of the heat absorbed

by the heat-reception plate i1s reradiated into space, as expressed by

&G =0q - CH./AI TH‘*(A) dA (2)

where ¢ is the Stefan-Boltzmann constant, €y is the emissivity, and TH(A)
is the temperature of the heat-reception plate surface. The temperature of
the heat-reception plate surface is not constant because the heat received
by the plate tends to preferentially flow towards the thermoelements which
offer less thermal resistance to heat flow thandoes direct transfer between
the heat-reception and heat-rejection plates. Direct transfer is inhibited
elther by the insertion of thermal insulation between the plates or by low
emissivity coatings between or on the inside surfaces of the plates. The
resultant transverse heat flow in the plates glves rise to temperature
gradients. The A in the function TH(A) serves only temporarily as a dummy,
indicating that the variables used must be compatible with those of the
incremental area dA. The choice of variables or coordinates will be deferred

until later. The total heat reradiated by the surface is therefore obtained

by integration over the surface.
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On the opposite face of the panel, the outer surface of the heat-rejection
plate, also having an area AT’ is cooled by the radiation of heat that has
been transported through the thermocouple. The quantity of such heat is less
than QT by the amount that has been converted to electricity. Thus, it may

be written

o -PF = aCCfArTC‘*(A) dA (3)

where P_ is the electrical power output, €, is the emissivity, and TC(A) is
the temperature of the outer surface of the heat-rejection plate. Just as
in the case of the heat-reception plate and for a similar reason, the temp-—
erature of the heat-rejection plate is position-dependent and the total

heat radiated is obtained through integration over the surface.

To obtain expressions for the temperature functilons TH(A) and TC(A), it
is necessary to solve Poisson's equation for the heat-reception and heat-
rejection plates. Poisson's equation describes steady heat flow in the pre-

sence of heat sources and heat sinks and is given by
R
V27 =- 5 (4)

where R represents the rate at which heat is supplied per unit volume and

k is the thermal conductivity of the material. For the heat-reception plate,
there are three contributions to R,viz.,the incident heat from the sun, the
heat reradiated from the face of the plate,and the shunt heat transferred
directly between the heat-reception and heat-rejection plates. For the heat-

reception plate, the quantity R, denoted as RH’ may therefore be written as

dq
[wa -0 CHTHZ’(A) - —éﬁ&]

dA
8

d"ll—’

Ry = . (5)

where tH is the thickness of the heat-reception plate, AS is the area of the
heat-reception and heat-rejection plates not covered by the n- and p-type
thermoelements, and dQS(A)/aAS is the shunt heat per unit area directly trans-

ferred between the heat-reception and heat-rejection plates as a function of

11




position on these plates. Depending on the mode of shunt heat transfer,
dQS(A)/dAS has the following forms:

dQ (4) x - 1 r
_dzs :lfi _?H(A)‘ATH(A{- - _TC(A) + ATG(A)] (conduction)

(6)
d:i:A) =oE, _TH<A)"ATH(A)T L _TC(A) + A'I‘C(A)]4 (radiation)

where ks is the thermal conductivity and ts is the thickness of insulation.
The emissivity,ézs, is the net emissivity of the inner surfaces of the two
plates and may be approximated by the expression for the net emissivity of two

parallel surfaces

€, =77 T | (7)

where EZHI and CCIare the emissivities of the inner surfaces of the heat-
reception and heat-rejection plates. The AT factors in Eqs. (6), identified

by appropriate subscripts, account for the differences in the temperatures of
the outer and inner surfaces of the heat-reception and the heat-rejection
plates. Therefore, they may be approximated by QT/KH, and (QT—PO)/KC, respec-
tively, where KH and KC refer to the thermal conductances of the heat-reception
and heat-rejection plates. This approximation effectively replaces the
position-dependent axisl temperature-drops in the two plates by their average
values and is validated by the fact that such drops are typically of the order
of a degree centigrade or less, depending on panel constructional materisls

and precise configuration. Eqs. (6) implicitly neglect the transverse heat
flow in the insulation or the radiation space between the plates because
integration of the equation in the calculation of total shunt heat, results

in welghted average temperatures being used. This is a relatively minor
approximation because in most thermocouples of practical interest, shunt heat
forms only a very small portion of the total heat transmitted. Furthermore,

in most cases, TH(A) and TG(A) are only relatively slowly-varying functions.
Naturally, in the limit of vanishing ks or E:s’ the approximation becomes exaet.
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In a manner similar to the case of the heat-reception plate, the quantity R
for the heat-rejection plate, denoted by RC’ is given by

m;m]

dA
3

(8)

-1 4
R _% LUCC%(M+

where tC is the thickness of the heat-rejection plate. In this instance,
only two terms enter the equation: +the heat radiated into space and the

shunt heat directly transferred to the plate.

Eq. (4) with Eqs. (5) and (8) define the temperature distribution in the
heat-rec¢eption and heat-rejection plates. The equations for the two cases,
however, are nonanalytic 1n the sense that closed-form solutions are not gen-
erally possible. The way to proceed is to either obtain numerical solutions
or to simplify the problem so that analytic solutions are possible. Adopting
the latter approach for calculation purposes, it is assumed that the heat-
reception and heat-rejection plates possess radial symmetry. In other words,
for calculation purposes, the plates of square cross section are replaced by
plates of circular cross section so that the total plate areas AT remain the
same. The thermoelements are combined into one of cirecular cross section,
possessing an area equal to the combined areas of the n- and p-type thermoelements.
The latter approximation is negligible in many cases because frequently the

n- and p-type thermoelements are purposely designed with semicircular cross-
sectional areas. Facing each other, with a small separation between them,

the total cross-sectional area of the two thermoelements is already near-
circular. Figure 2 schematically illustrates the assumed thermocouple config-
uration. The approximation resulting from the assumption of circular plates
rather than of square plates is good because it directly enters into the calcu-
lation of only the transverse temperature distribution of the plates and, in
most cases of practical interest, only has a second order effect on calculated
thermocouple performance. This effect may be seen approximately by comparing
the transverse temperature-drop in the plates with that across the active
thermoelectric material. Usually, the former is only a few percent of the
latter.
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FIGURE 2. MODEL OF THERMOCOUPLE USED IN TRANSVERSE
HEAT FLOW CALCULATIONS

Before proceeding with the mathematical development, it may also be well to
emphasize the fact that the radial geometry adopted for transverse heat calcula-
tion in the plates has no effect on the geometry of the remainder of the
thermocouple because, as already stated, the shunt heat directly transferred
between the heat-reception and heat-rejection plates is assumed to be axially
directed with no transverse component. A similar assumption will be made for
heat flowing in the thermoelements. The results of these assumptions are that
all the calculations performed for the portions of the thermocouple between

the plates will be independent of the precise geometry of the components in the
plane parallel to the plates. The only factor of interest is the cross-sectional

area of the components, not their precise configuration.
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Poisson's Eg. (4) in two-dimensional cylindrical coordinates may be written

as

a1
or

L1 T _
? 962 T~

Ll Y

(9)

Because of symmetry, the second term on the left hand side of Eq. (9)

vanishes and the result is an ordinary second-order differential equation.
Upon substitution from Eqs. (5) and (8), the differential equations for

the heat-reception and heat-rejection plates may be written, respectively,

as
SN U S N .
r dr dr kHtH H™H dASZrS
(r) 2o
daqQ_(r
14 dT .\ _ 1 4 +
r dr <r drc)"kctc ~0 € T TR
s
where kH and kc are the thermal conductivities of the two plates. Egs. (6)

indicate that the shunt heat transfer terms Qs are functions of both TH(r) and
TC(r); therefore, Egs. (10) are simultaneous. In principle, the method of
solution .is to set Tc(r) in the first of Egs. (10) equal to a constant and solve
for TH(r). Substitution of this TH(r) in the second of Eqs. (10) enables a
solution to be found for TC(r) which is now substituted in the first equation

s0 that a new solution for TH(r) may be found. The process is repeated as
often as is necessary to obtain consistency of the functions for TH(r) and Tc(r)

between successive approximations.

Although in principle, Eqs. (10) may be conveniently solved; in practice,
because of the nonlinearity of the right hand sides, the solutions are not
easily obtained. A simpler and more effective method of solution becomes

apparent after Egs. (10) are rewritten as

1a ((BEy . N
r dr dr kH
(11)
1a Tyl %
r dr dr kC
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where RH and RC are glven by

FdQT dQs
Wb [2 - w

H
(12)
oo [ =R ?Ea]
C tc L dAT dAS

Egs. (1), (2), and (3) have been used to write Eqs. (12). By replacing all
the position-dependent heat transfer rates per unit area by their average
values in Egs. (12), it is possible to treat RH and RC as congtants. The
solution of Egs. (11) is now trivial, being obtained by two successive inte-
grations. After the first integration, use is made of the condition that

the temperature gradient at the edge of the two plates vanishes. This cond-
ition corresponds to the assumption that plate edges are insulated and allows
the evaluation of one of the two integration constants. The temperature

distributions obtained for the two plates are given by the function
R 2 r 1 2 2
- = =—l_ = - +
(r) = = [ro In (ri) AR )] T(r,) (13)

where ry and r, are the radii between which the temperature distribution is
evaluated. Eq. (13) is general and applies equally to the heat-reception and
the heat~rejection plates. The distinction between the two cases can be

made by appropriate subscripts on T(r), T(ri), R and k. The radius r
corresponds to the outer edge of the plate, whereas ry represents the radius
of the combined n— and p-type thermoelements (Figure 2). The temperature,
T(ri), corresponds to the temperature of the region on the surfaces of the
heat-reception and heat-rejection plates immediately adjacent to the thermo-
elements. This region is assumed to be equal in area to the total area of

the thermoelements and to have the constant temperature.T(ri). This assump-
tion is consistent with that made in regard to axial heat flow in the thermo-
elements when the axial-flow region is extended on the extremities of the
thermoelements to include the hot and cold stacks and the central portions of
each plate. The heat transfer rates, RH and RC’ averaged over the portions of
the heat~reception and heat-rejection plates not covered by the thermoelements,

are given by
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» 4
1 Q’.[‘-[WOI-UCHTH (ri>] [An+AD:|_Qs
Ry = ty A
s (14)
, A
Ro=Ll O -F -9&; T (ri) [An N AD] - 9
C tC AS

Where An and A.p are the cross-sectional areas of n- and p-type thermoelements.
Eqgs. (11) were solved by fixing the values of RH and RC' Because the solutions
of these equations, represented by Eg. (13), are used successively in the
solution of the over-all problem, as will be seen later, the fixed values of RH
and RC will also be iterated. The values calculated for QT’ Qs, Po’ TH(ri),
and Tc(ri) in any given iteration will be used in Egs. (14) to obtain new RH
and RC values for use in the next iteration. Thus, it is possible to minimize
the effects of replacing the position-dependent heat transfer rates per unit
area by their average values in Eq. (12)° The net result is that Poisson's

Egs. (11) are solved in effect through a method of successive approximations.

Radii ry and r_ may now be expressed in terms of total plate areas AT and

the areas Ah and Ap’ of the n- and p-type thermoelements as

_ A + A
r, -— n p
- m

(15)

For sake of completeness, the area of shunt heat transfer, As’ may be defined

in terms of the other areas as

= - +
AL = A (&, Ap) (16)
The defined system of coordinates to be used in treating the heat-~reception
and heat-rejection plates and the expressions obtained for the temperature

distributions on these plates, can now be used to rewrite Eqs. (2), (3), and

(6)s Eq. (2) may now be written as

- r 4 4
Q = Q - 2T o€y /’ o Tg'(r) rdr - o €y [An + Ap] Ty (r;) (17)

Ty
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Similarly, Eqs. (3) and (6) may now be expressed as

r

O -
Q - P =2mE, j TC4(r) rdr + 0 €, [An + Ap] TCZ*(ri) (18)

and

L c A

ko (° (r - - P ]
Q =2m = J' TH(l‘) - %] - TC(I‘) + QT—K—Q' rdr (conduction)
r
Q (19)
%

Lo QG -P T
] - Tc(r) + Tg rdr (radiation)

r
o}
| = 2Tr¢ T -
QS t"S J- L H(r) L c B
T

i

Because some of the indicated integrations are not easily accomplished in
actual use, it is convenient to replace the integrations by summations. To
avoid rewriting Egs. (17), (18), and (19) in terms of finite sums, only the
general formula that applies to all of these equations is given

r N
j-o f(r) rdr = :z: f(%i + (n—%) fﬁ—zi) [ri + (n—%) rONri] oNri (20)
Ty

n=1

where f(r) refers to any of the integrands in Egs. (17), (18), and (19), n is
the summation index, and N is the number of terms ih each sum by'which it 1s

desired to approximate the integrals. Obviously, the greater the value of N,
the more closely the integrals are approximated.

Eq. (17) represents the heat balance at the heat-reception plate. The
corresponding relationship for the heat-rejection plate is given by Eq. (18).
Eq. (19) describes the direct shunt heat transfer between the two plates.

What is still needed, however, is a relationship describing the heat transfer
between the plates that takes place through the thermoelements. This relation-
ship 1s obtained from detailed heat balancing at either the hot or the cold

junctions of the thermoelements. For the hot junction, the following relation-
ship may be written

G -q =k [THJ'TCJ] +ISHJTHJ_%I2RI_J§IP'[THJ_TCJ] (21)
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where KT is the thermal conductance of the thermocouple, THJ and TCJ are the
hot and cold junction temperatures, respectively, I is the current flowing

in the thermocouple, SHJ 1s the absolute value of the Seebeck coefficient
difference between the n- and p-type thermoelements at the hot junction, RI

is the total intermal electrical resistance of the thermocouple, and p is the
temperature~averaged net Thomson coefficient of the thermoelements. The first
term on the right hand side of Eq. (21) represents the heat conducted through
the thermoelements. The second describes the heat absorbed at the hot junction
as a result of the Peltier effect. The third accounts for the fact that one-
half of the Joule heat generated in the legs of the thermocouple as a result of
current flow is conducted to the hot junction, and the last term makes a
similar assumption about the heat generated (absorbed) in the legs as a result
of the Thomson effect.(7)

Current I in the thermocouple may be expressed in terms of electrical resis-

tances, Junction temperatures, and Seebeck coefficient values as

I= %L— ™ [THJ - TCJ] (22)

where S is the temperature-averaged absolute value of the difference between

the Seebeck coefficients of the n- and p-type thermoelements, RL is the value of
electrical load resistance, and m is the ratio of load to internal electrical
resistance. Substituting Eq. (22) in Eq. (21) and solving for THJ’ it is

found

.2 1
b c 2 b
= — 4 & - ——
Tag [.2 a o (23)
La
where a, b, and ¢ are given by
_ 1_S 1
a =Sy -3 Tm ~2¥
ST
B o STy
b =g 5 K-Sy Ty * 1'*711 T ulor
- .
B 1w 1 5T 1 o M1
== =1 4= 2 4= = =1 (5
c=3 7 Ml tITm T3 *s a (G




Eq. (23) relates the hot and cold junction temperatures of the thermoelements
in terms of thermocouple material characteristics, electrical load resistance,

and the total heat transported to the hot junctions of the thermoelements.

Because the heat balance Eq. (23) is written in terms of the hot and cold
junction temperatures, and because the remainder of the heat balance Egs. (17),
(18), and (19) are written in terms of the temperatures of the center

portions of the heat-reception and heat-rejection plates, TH(ri) and Tc(ri),

it is necessary to relate these temperatures. This relationship is achieved
by considering axial conduction of heat through the hot and cold stacks and

the plates. On the cold side, the relationship may be expressed as

QT-Qs_P QT_Po

=T,(r,) + S+ (24)
i KCS KC

Tog

where KCS is the thermal conductance of the cold stacks and KC is the axial
thermal conductance of the heat-rejection plate. The corresponding equation
on the hot side has the form

TH(ri) =Tyg * ETK% + %H- (25)

where KHS is the thermal conductance of the hot stacks and Kﬁ is the axial
thermal conductance of the heat-reception plate. Egs. (24) and (25) are only
approximate because for the axial temperature-drops across the heat-reception
and heat-rejection plates, as already stated, they only represent average
values. Because of the inherent smallness of such temperature-drops, however,

the effect of this approximation on final results is negligible.

Implicit in the above development, is the assumption that both the n- and p-type
thermoelements have identical -junction temperatures. The validity of this
assumption depends primarily on the relative thermal conductances of the hot
and cold stacks of the thermocouple. The junction temperatures are very close
to each other if the stacks are highly conductive in comparison to the thermo-
couple legs. Because this condition is basic to obtaining maximum performance

from a thermocouple, only stacks which fulfill this requirement are generslly
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used in practical thermocouples. Moreover, in some instances, there are no
stacks at one or both sides of the thermoelements; in other instances, both
thermoelements share a common stack. In such cases, by definition, the
Junctions have to be at the same temperature. In all cases, however, the use
of identical temperatures for the junctions of n- and p-type thermoelements is

considered to be well justified.

One more equation is needed to complete the formal exposition of performance
equations for a solar thermoelectric power generator. This equation is
straightforward end relates electrical power output to the temperatures, the

material characteristics, and the configuration of the thermocouples
p =S (@2 [p g ]2 (26)
o RL 1+m HJ CJ

Most of the performance equations in the foregoing treatment contain configur-
ation-dependent quantities such as conductances and resistances. The precise
definition of these quantities in terms of material properties and geometry is
trivial and will be deferred until later. This condition also applies to the
calculation of temperature-averaged thermoelectric property data and the compu-

tation of thermocouple weight.

An inspection of the above equations shows that there are basically five
unknown quantities that must be determined so that thermocouple performance
may be completely characterized. These quantities are QT, QS, Po’ TC(ri),
and TH(ri). However, there are the same number of basic equations that relate
these five quantities, viz. (17), (18), (19), (23), and (26). It is assumed
that Eq. (23) may be expressed in terms of TC(ri) and TH(ri) instead of TCJ
and THJ by means of Egs. (24) and (25). By combining and rewriting some of
the five equations, it is possible to reduce the number of unknown quantities
and the corresponding number of equations. However, this procedure does not
change the basic problem which is one of a set of simultaneous equations.
Because of the nature of the equations involved, it is not possible to reduce
the set to one equation and one unknown through analytic techniques. The

solution must be obtained by a method of successive approximations as follows:




A fixed thermocouple configuration is assumed. This configuration, in terms of
component geometry, is completely arbitrary because 1t is not known a priori
for what combination of component dimensions thermocouple performance is
optimized or satisfies imposed boundary conditions. Values are assumed for

all required material properties that enter into the related equations.

Because most material properties are temperature-dependent and because, initially,
the temperature range is unknown over which the thermocouple will actually
operate, it is sufficient in the first approximation to choose property values
that are averages in the temperature range over which it is reasonably expected
to operate. After a solution has been obtained and more precise operating
temperatures have thus been established, new values for the required properties
may be substituted and the calculation repeated. Because the solution of the
over-all problem, as will be shortly seen, is obtained by successive approxi-
mations, it will be sufficient to use the temperatures of a given approximation
to calculate the temperature-averaged properties which will be used in the

next approximation before the start of each new iteration. On a computer, this
procedure is conveniently done by introducing property data as a function of
temperature either at fixed temperature intervals or in the form of equations
obtained from fitting the data. Because it is the thermoelectric property data
that generally have the greatest effect on calculated thermocouple performance,
it usually suffices if only these data are integrated after each iteration. The
remainder of the properties may initially be given approximate average values
that remain fixed throughout the calculation.

The use of Eq. (1) enables the calculation of the heat incident QI on the
thermocouple for a given value of incident solar-heat flux W which is a function
of the distance from the sun. Because only a portion of this heat is trans-
ported through the thermocouple, quantity QT is assigned some arbitrary value

in the range of zero to QI. Although it 1s initially assumed that PO and Qs

are zero, other equally arbitrary values could be used. With values assigned

to Qs Q, and P, it is apparent that in Eq. (18) the only remaining unknown

is TC(ri)' Because TC(ri) occurs In the integrand, which is raised to the fourth
power, as well as outside the integrand, it is not possible to solve Eq. (18)
enalytically for TC(ri); graphical or numerical methods are needed. The value
of TC(ri) thus calculated, with the assigned values of QT’ QS, and PO, may now
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be used to calculate TCJ by Eq. (24) which, in turn, is used to calculate

THJ in Eq. (23). Eq. (25) relates THJ to TH(ri)’ which substituted in Eq.
(17), enables the determination of Q. The calculated values of Tc(ri)

added to the assigned values of QT, Q,, and PO, permit the calculation of QS
by means of Eq. (19). The calculated values of THJ and TCJ substituted in

Eq. (26) allow the determination of PO. The values thus determined for QT’
Qs’ PO, TH(ri), and TC(ri) form first approximation estimates. By use of
these first approximation estimates just determined,the procedure is repeated
to obtain second approximation values of these quantities. Further repetition
of the procedure will yield higher order approximations. When the calculated
values of the five quantities do not change within some prescribed limits
between two successive approximations, the calculation is then complete
because self-consistency has been obtained and the equations are simultaneously

satisfied.

Depending on the relative importance of the various contributing terms to the
equations, the previously described sequence of calculations is sometimes not
gself-convergent in that the values of the five quantities do not converge to
fixed values as a function of successive iterations. Actually, the values
diverge. In such cases, the further the initial value of QT is from its self-
consistency value, the more rapid is the divergence of the five quantities
between successive approximations. Conversely, the closer the initial value
of QT is to its self-consistency value, the slower is the divergence rate.

If the value of QT at self-consistency is used initially in the calculation,
the five quantities do not change between successive approximations and the
equations are therefore simultaneously satisfied. In cases of nonconvergency,
it is therefore necessary to search for the proper value of QT to be used
initially. This proper value will also give self-consistency in the calcula-
tions and will yield the appropriate values of Qg, Po’ TH(ri), and TC(ri) for
the thermocouple. The search is performed either graphically or numerically.

Once the five quantities Qn, Q, P, Ty(r,), and Tc(ri) have been determined
for a fixed thermocouple configuration, the remaining performance parameters
follow immediately. The current which flows in the thermocouple is calculated

from Eq. (22) and load voltage E 1s obtained from
P

E =70 (27)
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The efficiency of the thermocouple is defined as

P

3

n = (28)

The foregoing development contains various thermal conductance terms that
contain the geometry as well as the thermal conductivity of the respective

components. These are given by

I

%

A + A
Ky =22 g
S tHS HS
kA tk A
kK, =-04-—28 (29)
£
A T+ A
KC =_n.__2k
S tCS CS
K =L g
C tg C

The subscripts n and p in Egs. (29) refer to n- and p-type thermoelements,
respectlively. The other subscripts have been previously defined. All t's
refer to thicknesses; A's refer to cross-sectional areas; and k's refer to
thermal conductlvity values. The thermal conductivities kn and kp refer to
values averaged over the temperature range of thermocouple operation. The
symbol £ refers to the length of the thermoelements. The stacks at both

ends of the thermoelements are assumed to have cross-sectional areas identical
to those of the thermoelements. Furthermore, it 1s implicitly assumed that

the n- and p-type thermoelements are situated on common stacks of areas An + Ap.
As already discussed, such assumptions about the stacks have little bearing

on thermocouple performance and therefore are permissible. Eqs. (29) indicate
that in order to calculate KHS and KCS’ values are needed for the respective
thermal conductivities. Because stacks typically contain more than one material,




it will be necessary to use average thermal conductivity values. The average

thermal conductivity of a multimember component is defined as

K = —Lt— (30)

2

t+

o W

where the subscript i denotes the ith member and t is the total thickness of

the component.

As previously, the factors m and RL entering the above performance equations
are related to the internal thermocouple resistance RI by m = RL/RI' Therefore,
for any desired value of m, it is necessary to calculate RI in order that RL
may be specified. The interngl resistence RI of the thermocouple is given by

Py + E_g + 2rCn ZGC +
Rp = 23 * L A Ts (31)
n P n p

where P and pp are the electrical resistivities of the n- and p-type legs of
the thermocouples (averaged over the temperature range of thermocouple

operation) and Topn and r. are the contact "resistivities" (units of ohmﬁcmz)

Cp
of the interfaces between the n- and p-type elements and their respective
metallic end pieces. The quantity Ty represents the remaining extraneous
internal electrical resistance and is primarily the result of resistance in

current-carrying interconnects.

As previously indicated, the material property data used in the foregoing
calculations should be averaged over the temperature range of thermocouple
operation. Also discussed was the manner of incorporating the resultant
average values in the over-all calculation by obtaining new averages after
each iteration, and that it is essentlal to do this only with the thermo-
electric property data of the n- and p-type thermoelements. For the sake
of completeness, a general equation which defines the averaging method is

given
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= (32)

where £ represents the property of which the average is desired. Thus 13
applies equally to Py pp, kn, kp’ S, and p. The Seebeck coefficient, S,
1s defined as S = Sp - Sn and the net Thomson coefficient, p, 1s defined as
p=oTo=- T where the 71's are the Thomson coefficients of the individual

P
legs. The definition of ris r=T dS/dT.

The weight of the thermocouple follows directly from the dimensions and
materials assumed for the components of the thermocouple. Thus, the total
thermocouple welght Wt is given by

= + + + + +
Wy =Wy + Wyg ¥ Wp ¥ Up Ty T T W (33)
where the subscripts of the individual terms have been previously defined.
The individual weight terms are calculated from

W, = At 51 (34)

where 1 refers to the ith component and § 1s the density of the component.
Because some components, such as the hot and cold stacks, contain more than
a single member, the density used in calculating the weight must be an aversge.
The average value of density for multimember components is defined as

i ty

b = “Ei'_i' (35)

where t 1s the total thickness of the component.

As has already been indicated, the performance calculations of a thermocouple
are done by initially assuming arbltrary dimensions for the varlous components.
In apractical pover generator, however, it is important that performance be

optimized with respect to some parameter, such as specific power (watts per
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pound) or efficiency, which is directly related to the economics of producing
electrical power in a space application. This optimization is done through
the variation of parameters. The important parameters in this respect are
the cross-sectional areas of the elements, A.n and A , the heat-collection and
heat-rejection plate areas, AT’ the thermoelement length, ﬁ, and the ratio
of load to internal electrical resistance, m. Each of these parameters may
be varied independently for fixed values of the other parameters. Thus the
performance may be optimized with respect to all parameters. The whole pro-

cedure may be automated by programming a computer to search for the optima
by itself.
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III. SOLAR PANEL THERMOELECTRIC GENERATOR REFERENCE DESIGN

The primary objective of this program 1s to design a silicon-germanium solar
panel thermoelectric generator weighing less than 4.0 pounds per square foot
of panel area and producing 35 watts of electrical power per square foot when
operating at a distance of 0.25 astronomical unit from the sun. Auxiliary
objectives are the preparation of a detalled deslgn of a generator that not
only meets the primary objective but also produces approximately 150 watts

of electrical power at a load voltage of about 28 volts. Because of the limited
temperature of operation of the absorption coating to be used on the heat-
reception plate, thls plate is constrained to operate at a nominal temperature
of 1500°F, Finally, several sections of the panel, representative of the
reference design, are to be fabricated and supplied to the National Aeronautics
and Space Administration for evaluation.

This section of the report discusses in detall how a reference design was
formulated to meet the stated program objectives. A discussion is included

of the detailed performance characteristics of thls generator, together with
weight and temperature profiling in terms of generator components. Engineering
layout drawings of the generator and 1ts components are also included.

Detailed stress analyses of the generator and its components are presented

in terms of anticipated shock and vibration, as well as temperature cycling
conditions encountered during and subsequent to vehicle launch. Generator

performance under a variety of off-design conditions will be discussed.

A, Performance of the Reference Design Genergtor
The method of calculating the performance of a solar panel thermoelectric

generator outlined in Section II has been applied to the case of a generator
operating at a distance of 0.25 astronomical unit from the sun. Because of
the complexity of the general equations developed in Section II, the cal-
culations have been programmed for solution on a high-speed RCA 601 computer.
To optimize the performance of the generator, as discussed in Section II,

1t is necessary to vary a number of parameters that pertain to panel con-
figuration. Every variation of parameters results in a modified thermocouple
configuration which may be considered to represent a different generator.




Examination of many different cases enables the choice of the thermocouple
configuration that corresponds to the optimum generator. Because of the
complex equations, even on a high-speed computer, the design calculations
for each thermocouple configuration take appreciable time which when
multiplied by the many cases, becomes excessive. For this reason, the
initial scanning of numerous thermocouple configurations, corresponding

to extensive variations of pertinent parameters, was done with somewhat
simplified equations. This procedure yielded real savings in computer
time. The full complement of equations developed in Section II was used
in the final detailed performance snalysis of the optimum configuration
thermocouple, as well as of the reference design thermocouple which, as
noted below, deviates somewhat from the optimum. The simplification
introduced into the initial calculations pertained primarily to the
transverse heat flow in the heat-reception and heat-rejection plates,
Thus, the initial calculations were performed essentially with equations
that neglected the transverse component of heat flow in the plates.

The resultant performance parameters calculated were optimistic in that

a part of the temperature~drop that actually occurred in the heat-reception
and heat-rejection plates was added to the temperature-drop across the
thermoelements. Even though this simplificatioﬂ results in enhanced per-
formance characteristics for a given thermocouple configuration and incident
solar flux, it does, however, permit a reasonably accurate determination

of the configuration with optimized performance.

If desired, after initial optimization with the simplified equations, the
procedure may be repeated with the refined equations over a narrow range
around the initlally determined optimum. However, the procedure was not
repeated because, as will be seen later, the optimum configuration was

not selected for the reference design. Another simplification in the initial
calculations pertalned to the use of fixed values of average thermoelectric
properties and to the neglect of the generation (absorption) of Thomson heat
in the thermocouple legs. In addition, a few other minor simplifications
were made., Of these, mention may be made of the use of the expression for
the figure-of-merit in Eq. (23) of Section II. The use of the figure-of-
merit defines the optimum ratic of n- and p-type thermoelement cross-sectional
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areas and thereby replaces the two variables A.n and Ap by a single
variable. Although this particular simplification has been made almost
invariably in every past treatment of thermoelectric device performance
(for examplej in all of the references cited in Section II with the
exception of Reference 5), including performance under both fixed

heat input and fixed temperature operating conditions, it strictly
applies only to the latter mode of operation. As already stated, the
above simplifications in initial calculations were introduced to conserve
computation time., Final calculations to determine the precise performance
of the optimum configuration and the reference design thermocouples did

not use these simplifications.

The thermoelectric property data used for the silicon-germanium glloys
(Section V) do not pertain to the properties extant initially in the
alloys, but to those present after the bulk of an initlal adjustment has
taken place. This adjustment occurs in the n-type alloy and results from
the approach of dopant concentration in solid solution to its solid
solubility equilibrium at the operating temperature. The process is
exponential in time and, therefore, most of it occurs relatively early in
life (approximately one half of the total change in five years of operation
will have taken place in the first 1500 hours). The effect of this
adjustment on the properties of the alloy is to slightly increase its
electrical resistivity and Seebeck coefficient values so that the quantity
SZ/p, which is proportiocnal to the electrical power output, is slightly
decreased. The use of property data that accounts for most of the initial
adjustment, permits the performance characteristics caleculated for the
solar thermoelectric generator to correspond to the values anticipated
after some operating time. Initial performance will be slightly higher.

As outlined in Section II, the method of optimizing the solar panel design
has been to assume fixed panel configurations, with definite component
materlals and their associated physical properties, and to calculate the
whole spectrum of performance characteristics for each configuration.

Thus it has been possible to choose the configuration that yields optimum

performance under specified heat-reception plate temperature conditions
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(1500°F). The primary criterion for optimizing performance has been
the specific power (watts per pound) delivered by the solar panel. To
define the range of panel configurations in which optimum performance
occurs, the following four parameters were initially varied over six
different values each:
A, =2, 4, 8, 16, 32, 6, on”
A =0.05, 0.1, 0.2, 0.4, 0.8, 1.6 om®

] = 0.2, 0u4y 0.8, 1.6, 3.2, 6.4 cm

m = 0.2, 0.4y 0.8, 1.6, 3.2, 6.4
This variation resulted in the calculation of the performance of a total
of 6°6+6+6 = 1296 different cases which correspond to 216 different thermo-
couple configurations operating under conditions of six different ratios
of load-to-internal resistance. The whole sequence of calculations outlined

S

in Section II subject to the simplifications discussed previously, was
performed for each of the 1296 cases on the RCA 601 Computer at the David
Sarnoff Research Center in Princeton. The shunt heat transfer which occurs
directly between the heat-reception and the heat-rejection plates of the
thermocouple was assumed to occur by conduction through insulation. The
procedure used to solve Eq. (18) for Tc(ri) was the use of a root-finding
method that has been programmed as a subroutine for the RCA 601 computer,
In this method, an adaptive search is conducted by an extrapolation scheme,
quadratic in nature, and root finding via Muller's method. Special care
has been exercised to avoid by-passing near multiple zeros. The subroutine
permits recursive use for solving nonlinear systems of equations. The
following performance parameters were printed out for each case calculated:
Ags A A, £, m, TC<ri)’ Togs Tho TH(ri)’ Qs Qs Po’ I, B, wt’ m oy

Po/AT’ wt/AT°

The results of the calculation of the initial 1296 cases were plotted and
cross-plotted to establish the approximate ranges of As, Ap, l s and m values
in which thermocouple performence was optimized. This optimization occurred
for the following ranges of the parameters: O.cme.< y) <0.8cme<1.6, and
4O<AS/AP<160. The optimﬁm performance values for As’and Ap are indicated

in terms of a range of values of the ratio Ag to Ap; the performance was
practically independent of the individual values of AS and A.p for a fixed
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ratio of AS to Ap' This condition essentially removed another variable
from the initisl optimization of thermocouple performance. However, it

strictly applies only to the simplified initial calculation, and is not

as valid in the case of the more rigorous calculations. The optimization

of the ratio AS/Ap and the fixing of either of the two variables enabled an
optimum value to be determined for the other variable. The fixed value

chosen for elther As or A.p depends on such mechanical conslderations as

strength of the thermocouple. Thus, it would not be desirable to make

A.p unduly small and thereby obtain a thermoelement that possesses an

extreme value of £/A. Conversely, a large value of AS implies a large value for
the areas of the heat-reception and heat-rejection plates. If, as in this case,
the heat-reception plate is made of a semiconductor material, there is usually an
upper limit caused by manufacturing techniques on how large an area is
practically feasible.

After determining the ranges of the parameters for which the performance

of the solar panel thermocouple optimizes, the procedure was repeated for
fine variation of the parameters over the indicated ranges, still using the
simplified design equations. The parameters were now given the following

values

8, 12, 18, 27, 40.5 cm?
2

Ag

Ap = 0.2 cm
,Z = 04y 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 cm
m = 1.0, 1.2, 1oy 16

Only one value was used for Ap' As already indicated, the important
factor in Ac-and Ap—variation is the ratio AS/AP. Thus, the optimization
of AS/A.p for the fixed value of Ap = 0.2 enables the cholce of any other
value for Ap so long as the ratio AS/AP remains gt its optimum value.

To illustrate how the optimum values of the parameters for the solar panel
thermocouple were determlned, the sequence of operations will be outllned

in detail. The computer results, similar to those in the first run in

which 1296 cases were calculated, were plotted and cross-plotted. Figure 3
shows a plot of specific power Po/Wi as a function of AS/Ap for the different
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values of thermoelement length. The value of 1.2 has been used for m,

As will become apparent later, 1.2 is the approximate value of m for which
performance is optimized. The optimum P /W values of the individual

curves shift to decreasing AS/A values for increasing values of f. In
addition, the highest value of P /W occurs at a value of AS/A = 80 and
appears to correspond to a thermoelement of length close to CO. 6 cms To

more precisely determine the optimum value of thermoelement length, the
data of Figure 3 have been cross-plotted in Figure 4 with the thermoelement
length as the independent variable and AS/A as a parameter. Values of !
are now chosen for which the various AS/A curves are at their maxima. These,l
values are plotted as a function of AS/A in Figure 5. When AS/A = 80,

the optimum value of { is exactly 0.6 cm. Because there exists the inde-
pendent requirement that the heat-reception plate temperature be 1500°F
(1089°K), it is necessary to plot this temperature as a function of AS/A
for different values of £ (Figure 6). Where AS/A = 80 and f = 0.6, the
heat-reception plate temperature is a little higher than specified. In
order to obtain the required temperature it will be necessary to slightly
decrease elther the value of AS/A or of /. Maintaining the value of l and
decreasing AS/A to 77 satisfies the temperature requirement. To see the
effect of this change on the main performance indicator P /W Figure 3 has
been partly replotted in Figure 7 with largely expanded scales. Under these
conditions, the reduction of AS/Ap from 80 to 77 at a thermoelement length
of 0.6 cm. has practically no effect on the specific power. Superimposed on
Figure 7, is a plot of the 1500°F heat-reception plate temperature contour.
The optimum thermocouple configuration 1s immediately determined when eilther
As.or A.p is specified. Because it 1s impractical, for fabricatlon reasons,
to make heat-reception plates larger than 2.825 cm on the side, the total
ares AT can have a maximum value of 7.975 cm.2 Employment of the relatioé})
which glves the optimum ratio of thermoelement leg areas in terms of the
figure-of-merit relationship and of the properties of the silicon-germanium
alloys,yields A.n = 1.644 Ap' Making use of this relation between leg areas
in By, (16) of Section II along with Ag = 774  and ky = 7.975 cm.”, enables
the determination of Ap = 0.100 cm.2 Based on previous experience, the cold
stack thickness has been set at 0.368 cm. and the thickness of the heat-
reception and the heat-rejection plates is constant at 0.1457 and 0.1650 cm.,

#¥Neglect of transverse heat flow in initial calculations causes
the calculated value of heat-reception plate outer-surface tempera-
ture to be constant over the whole plate area.
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respectively. There is no hot stack. Even though the heat-reception plate
has a pyramlidal shape in the reference design, it has been replaced for
calculation purposes by a flat plate having the same cross-sectional area

and volume.

The chosen solar panel thermocouple configuration has optimum performance
characteristics in terms of the simplified equations. The final optimiza-
tion would be normally performed with the total set of equations in Section
IT by varying the configuration over a narrow range around that just
established. This procedure, however, was not followed because after the
approximate optimum design was reviewed in detail by RCA and NASA project
personnel at the Lewls Research Center, it was concluded that this design
was gomewhat extreme in relation to the present development program.
Therefore a thermocouple configuration that was more capable of fabrication
within the framework of the present program was chosen for the reference
design. This step meant the cholece of a configuration with a smaller value
for the ratio of the areas of the heat-reception plate and the thermoelements
it also meant an increase in thermoelement length. The net result was that

the thermocouple performance was no longer at its optimum.

For the sake of completeness, before continuing the discussion of the
reference design, the configuration corresponding to the approximate optimum
performance was used in detailed calculations with the full set of equations
in Section II. The results of this calculation, for m = 1.2, are listed in
Table I:

TABLE I
OPTIMUM PERFORMANCE
Heat-Reception Plate Outer Edge Temperature 1099.0°K
Heat-Reception Plate Center Temperature 1055.9°K
Hot Junction Temperature 1055.2°%K
Cold Junction Temperature 713.9°K
Heat-Rejection Plate Center Temperature 690.0°9K
Heat-Rejection Plate Outer Edge Temperature 685.0°K
Thermocouple Efficiency 3.13%
Specific Power 12.49 w/1b
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TABLE I (Cont.)

Power Output/Couple 0.274 watt
Weight/Area 2.56 1b/ft°
Power Output/Area 31.97 w/ft2
Load Voltage/Couple 0.1051 volt
Load Current/Couple 2.612 amps

For a generator to produce 150 watts at 28 volts, 548 couples must be
combined in series-parallel. This arrangement, in addition to giving the
desired voltage, enhances the reliability of the system. The characteris-
tics of a generator with 548 couple at m = 1.20 will be:

Power Output 150 .1 watts
Load Voltage 28.8 volts
Load Current 5.22 amps
Total Area | 470 ££°
Total Weight 12.02 1bs

The total area and the weight of the gemerator do not include contributions
from the mounting frame and the ribs on the heat-rejection plates. Moreover,
the approximate optimum~performance (in terms of watts per pound) generator
does not meet the objective of 35 watts per square foot of panel areaj
whereas the reference design generator does, but at a slightly increased
generator weight. Also apparent is the fact that the heat-reception plate
does not possess a uniform 15009F (10899K) temperature because of transverse
heat flow. Except for the peripheral areas of the plate, the temperature is
generally less than 1500°F., The belief is that the slightly higher tempera-
ture that exists at the periphery has no adverse effects on the characteristics
of the emlittance and the absorption coating.

As already stated, because of greater compatibility with the present
state-of-the-art fabrication techniques, a thermocouple configuration was
selected for the reference design with relative component dimensions less
extreme than those determined for the approximate optimum thermocouple.
The thermoelement length was fixed at 1.0 cm. and detailed design calcula-

tions, similar to the ones discussed previously, were repeated to precisely
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define a new configuration. The use of a heat-reception plate of maximum
size (AT = 7.975 cm.z) showed that the thermoelement areas of A = 0,268,
cm.2 and A.p = 90,1632 cm.2 resulted in heat-reception plate temperatures
that closely correspond to those determined for the thermocouple which
possesses the approximate optimum configuration. On the average, such
temperatures satisfy the criterion of 1500°F heat-reception plate tempera-
ture. The detailed performance characteristics of the reference design

thermocouple for m = 1.2 are listed in Table II:

TABLE II
REFERENCE DESIGN PERFORMANCE

Heat—-Reception Plate Outer Edge Temperature 1100.9°K
Heat-Reception Plate Center Temperature 1064.+4°K

Hot Junction Temperature 1063.8°K

Cold Junction Temperature 702.8°%K
Heat-Rejection Plate Center Temperature 687.5°%K
Heat-Rejection Plate Outer Edge Temperature 683.3°%K
Thermocouple Efficiency 3.57%
Specific Power 11.27 w/1b
Power Output/Couple 0312 watt
Weight/Area 3.23 1b/ft°
Power Output/Area 36.36 w/ft2
Load Voltage/Couple 0.1108 volt
Load Current/Couple 2,817 amps

To obtain a generator with the desired power and voltage characteristics
(approximately 150 watts and 28 volts) 480 couples are used in a series-
parallel arrangement. Two identical panels of 240 couples each are set upj

each panel consists of 20 sections, and each section has 12 couples.

The over-all performance of the reference deslgn generator at m = 1.20
will be:

Power Output 149.8 watts
Load Voltage 26.6 volts
Load Current 5¢63 amps




B,

Total Area 4el2 ft2

Total Welght 13.29 1bs

The total area and the weight of the generator do not include contributions
from the mounting frame and the ribs of the heat-rejection plates.

Figure 8 shows the power output of the generator for a variable load in
terms of the ratio of load-to-internal resistance. The curve further shows
that power output maximizes in the range of m = 1.2 to 1.3. This plot
illustrates the incorrectness of the assumption frequently made that
maximum power is delivered to the load when the load and internal resis-
tancesare equal. Finally, the over-all performance characteristics of the
reference design generator are graphically illustrated in Figure 9 as a
function of load current. Figure 9 shows that if the desired operation is
to be at a load voltage of 28 volts, rather than at the 26.6 volts corres-
ponding to m = 1.20 given in the tabulation, all that need be done is to
increase the load resistance slightly. The resultant effect on power
output is negligible.

Tempergture Profile of the Reference Deglgn Thermocouple

As a part of the performance analyses of the reference design thermocouple,
detailed calculations were performed of the temperatures at a variety of
key places as follows:

Outer edge of outer surface of heat-reception plate 1100.9°K
Center of outer surface of heat-reception plate 1064.4°K
Center of inner surface of heat-reception plate 1063.8°%K
Hot junction of the thermoelements 1063.8°K
Cold junction of the thermoelements 702.89K
Center of inner surface of heat-rejection plate 687.6°K
Center of outer surface of heat-rejection plate 687.5°K
Quter edge of outer surface of heat-rejection plate 683.3°K

The center of the inner surface of the heat-reception plate and the hot

Junctions of the thermoelements are noted to be at the same temperature.
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This condition exists because there is no stack at the hot end of the
structure. The temperature profile of the structure is illustrated in
Figure 10. Because of the radial geometry assumed for the heat-reception
and heat-rejection plates for caleculation purposes, the temperature pro-

files shown for these plates represent averages.

" Weight Analysis of the Reference Design Generator

A detalled weight analysis of any given thermoelectric structure is made
as a part of the performance calculations outlined in Section II. The
results of such a weight analysis for the reference design solar thermo-

electric generator are tabulated as follows:

Weight per Generator
Member Thermocouple Weight (480 couples
Heat-reception plate 0.007170 1b 34441 1bs
Insulation 0.007250 1b 34479 1bs
Thermoelements 0.003369 1b 1.617 1bs
Cold Stack 0.003786 1b 1.817 1bs
Electrical connector 0.000752 1b 0.361 1b
Heat-rejection plate 0.005363 1b 2.575 1bs
Total 0.027690 1b 13.290 1bs

In a total generator, there are additional members that have not been
included in the previous table. The detailed weights of these additional

components are listed below:

Member

Weight per
Thermocouple

Generator

Weight 80 couple

Studs 0.000034 1b 0.016 1b
Nuts 0.000053 1b 0.026 1b
Panel Section Ribs 0.002740 1b 1.315 1bs
Mounting Frames 0.006080 1b 2.918 1bs

Total 0.008907 1b 4e275 1bs

Because the ribbing on the panel sections and the mounting frames for the

sections have not been subjected to design optimization, the listed weights

of these components are preliminary and probably only represent, at best,
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upper limit values. It is expected that upon optimization, the weights

of these components will be considerably reduced. Just as in the case of
generator weight, the total generator area has contributions from factors
other than the thermocouples. These factors are the edges of the mounting
frames and the spacings between the heat-reception plates of adjacent
thermocouples. Thus, whereas the combined area of all of the thermocouples
is 4.12 square feet, the total area of the generator, including the factors

just mentioned, is 4.49 square feet.

Off —~ Design Performance of Reference Design Genergtor
It is apparent from the equations in Section II that the performance of a

solar thermoelectric generator 1s strongly dependent on the emittance and
absorption characteristics of the coatings on the heat-reception and heat-
rejection plate surfaces as well as on the solar heat flux indident on the
generator. The present reference design has been developed with the follow-

ing assumed values for these properties:

a =10.,85
CH = 0.10
€ = 0.85

W=2.24 watts/cm.2
The ineident flux value of 2.24 watts/cm.2 corresponds to the perpendicular
flux at a distance of 0.25 astronomical unit from the sun.

Because the properties of the coatings may change with time, it is valuable
to know how such changes would affect the performance of the reference
design generator. Moreover, inasmuch as the solar flux incident on the
generator depends on the distance and/or the orientation of the panel

with respect to the sun, it is also of interest to know how the performance
of the reference design generator depends on incident flux. Detalled
performance calculations of the reference design generator,using the equations
of Section II,were accordingly performed for variable values of a, €ﬁ? CC’
and W. Some of the results of these "off design” calculations have been
plotted in the included figures.
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Figures 11 to 14 pertain to the incident solar flux of 2.2/ watts/cm.2 at
the design distance of 0.25 astronomical unit from the sun, and show the
effects of varying values of a ,GZH andejc on the reference design generator
performance and temperatures. Of the three properties, 1t is the emlssivity
of the heat-rejection plate, CC, that has the least effect on generator
performance. By the same token, 1t is the emissivity of the heat-reception
plate, EH’ that has the greatest effect. In addition to illustrating
generator performance under varying conditions of emittance and absorption
coatings, the results of these "off-design" studies are useful in indicating
which parameters are most critical and, therefore, which properties should

recelve the greatest attention in development work on coatings.

If design values are assumed for the properties of the coatings, as listed
previously, 1t 1s also of interest to know how the performance and tempera-
tures of the reference design generator depend on the incident solar flux.
For example, assumed perpendicularity of incidence indicates the expected
performance of the generator as a function of its aistance from the sun.
Conversely, at the design distance of 0.25 astronomical unit from the sun,
or at any other distance for that matter, the dependence of performance on
incident flux may be interpreted as giving the performance as a function of
generator tilt angle with respect to incident radiation. At any distance
from the sun, nonperpendicularity of the plane of the generator to incident
radiation will naturally reduce the incident flux. Figure 15 shows the
results of performance calculations as a function of incident solar flux.
The results have been presented as a function of the distance from the sun
which implicitly assumes perpendicularity of the plane of the generator to
incident radiation. For greater generality, Table IIIrelates distance from
the sun to the incident perpendicular solar flux (solar constant):

TABLE ITI
INCIDENT SOLAR FLUX VS DISTANCE FROM THE SUN
e e mmene
0.1 9.3 x 106 14.00
0.2 18.6 x 10° 3450
0.4 37.2 x 10° 0.88

48




0Z°1=W ANV M2/SLIVM VTT= M

'SANTVA 43XId Y04 ANV SIILIAISSING FLV1d NOILDOIr3IY LVIH ANV NOILJIDIY LVIH 40 SANTVA LNI¥I 4410 ¥0d
ALIAILJYOSEY 31V1d NOILAIDIY LVIH 40 NOILONNL V SV JOLVAINIO NIISTA IDNIYIJIY 40 JIM0d D14103dS LI 3¥N9Id

T allAlLdYOsSaY

60 80 ro 90 50
T T T T 0'¢
. onw=H
oz0=H>
ogo=H>
o'y
§5°0
590 —os
SL°0 1o=Hs
680
3, o9
$5°0
$9°0 P
S0
80 43
3
o6
door
650 o
690 ~— - |
. 3ON3¥343Y ozt
sL°0
$8°0

97/SLLVAM - 43M0d D14103dS

49




S50
69°0
SL'0
680
S5°0
590
SL°0
¢80

SS°0
59°0
SL°0
680
25

QN.—.” (1] TCU NEU\W?—.U; .VN-N = ;
‘S3NTVA G3XI4 304 ANV STILIAISSIWT 3LV1d NOILD3r3Y LVIH ANV NOILJID3A LV3H 40 S3NTVA 1N3¥3441d 304
ALIAILAY¥OSEY 31V1d NOILd3D3d LVIH 40 NOILONNA V SV JOLVIINID NOIS3A 3DON3Y343Y¥ 40 ADNIIDI1443 °Z1 3¥n9ld

T ALIAILdYOSEY

60 80 Lo 90 S0

oc'0=H>

N2IS3d
ElLEREEED-]

% - AON3IDI443

50




0Z°L =W ANV ,W3/SLLVM $Z°Z= M 'SINTVA QIXId ¥Od4 ANV SIILIAISSING 3LVd
NOILD3r3d LVIH ANV NOILd3D3¥ LV3IH 40 SANTIVA IN3¥I 3410 Y04 ALIAILAYOSEY 31V1d NOILJIDIY
1V3H 40 NOILDONNd V SY 3OLVYINIO NIIS3A JON3YI43Y 40 SFYNLVAIJWIL NOILONNS LOH ‘€l 3¥NII4

© ALIAILLYOSEY

008

006

oool

ootl

60 80 L0 90 0
T T T T
0001
0z'0=H>
0011 —
8'0
SL°0
$9°0 00zl —
550 e Hs
5, oL0=
$8'0
SL°0 00€L
$9°0
$5°0
2 N9IS3ad 3DNI Y343
00¥1
$8'0 o051 —
SL°0 L
$9°0 44
$5°0

Xo

3YNLVII4WIL NOILDONNC LOH

51




60

0Tt =W ANV ,U/SLIVA YT'T = M ‘SINIVA 43XI4 ¥0od
ANV STILIAISSING 31V1d NOILD3r3¥ 1VIH GNY NOILd3D3¥ LVY3H 40 SaNTVA
IN3¥34410 304 ALIAILLEOSAY ILVid NOILdID3Y LYIH 40 NOILONNL V SV
AOLYYINIO NOISIA 3DONTU3JIY 40 SIANLVAIIWIL NOILONAM @100 °vlL 3dNOI4

© ALIAILLY¥OSEY ,
80 Lo 90 S0

059

oz0=H>

004
— 059

0SL —

oro=H
008 T 00Z
058 1
— 0sL
006 ]
%
do| °°

Ao - JANLYAIIWIL NOILIONNF AT0D

52




TABLE IIT (Cont.)

Distance From Sun- Distance From Solar Congtant-
Astronomical Units Sun - Miles Watts/cm.?

0.6 557 x lO6 0.39

0.8 7403 x 106 0.22

1.0 92.9 x lO6 0.14

This table may be used in conjunction with Figure 15 to determine the per-
formance of the reference design generator as a function of generator tilt
angle. Thus, if the generator 1s at some distance from the sun but it is
tilted such that the incident flux is less than the solar constant at that
distance, a new effective distance corresponding to the actual heat flux

at the generator may be obtained. This effective distance, used in Figure 15,
enables the actual generator performance to be determined. Figure 15 shows
plots of hot and cold junction temperatures, values of total heat transmitted
per couple, and generator efficiency in terms of distance from the sun.
Electrical power output per couple may be easily obtained from the data in
Figure 15 by multiplying the efficiency by the heat transmitted per couple.
Total generator power is 480 times that product.

E. Layout Drawings of the Reference Design Generator
The detailed layout of the solar thermoelectric reference design generator

and its components isshown in Figures 16 to 21. A brief description of

each drawing follows:

Flgure 16 -~ Couple Assembly: shows the detailed layout. of the thermoelement
assembly with the heat-reception plate and the pedestals attached to the

cold shoes.

Figure 17 - Cold End Asgembly: shows the configuration and composition of
the cold stack with electrical interconnects and the stud for mounting the

thermocouple on the heat-rejection plate.

Figure 18 - Thermocouple Subasgembly: shows the detailed configuration of
the total reference design thermocouple, with the exception of the heat-

rejection plate.
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Figure 19 - Generator Panel Section Assembly: shows the layout of the

reference design generator panel section, including the heat-rejection

plate.

Figure 20 - Generator Panel Aggemblys shows the combination of panel
sections to form a panel of the reference design generator. Two such

panels form the total generator.

Figure 21 - Generator Panel Electrical Schematic: 1llustrates the elec-

trical combination of the thermocouples of a reference design generator

panel to glve series - parallel redundancy.

Stress Analysis of Solar Thermoelectric Genergtor Panel Components
The reference thermoelectric couple and panel configurations have been

structurally analyzed to determine the maximum stress levels to be anti-
cipated when the panel generator is subjected to the following individual

or combined envirommental loading requirements:

1)  Acceleration: The panel shall withstand 7 g's acceleration for five
minutes in both directions along three mutually perpendicular axes.

2) Vibration: The panel shall withstand vibration of a 5ag peak at the
resonant frequencies between 16 and 2000 Hz for 15 minutes along three
mutually perpendicular axes.

3) Acoustic Noige: The panel shall withstand for five minutes a total
integrated sound pressure level of 148 declbels referred to 0.0002
dyne per cm.z, with the frequency spectrum specified in Contract
NAS3-10600.

4) Thermal Transient: The panel shall withstand two cycles of the follow-
ing thermal transient test: The panel shall be heated to an absorber
surface temperature of 1500°F as rapldly as possible when subjected to
the thermal flux required to achieve this hot junction temperature.
Immediately after temperature equilibrium has been established, heating
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shall cease. The panel shall be allowed to cool to an equilibrium
temperature by radiating to the surrounding walls of a liquid-

nitrogen-cooled chamber. When an equilibrium temperature has been
obtained, the absorber surface shall be reheated to an equilibrium
temperature of 1500°F. The panel shall again be allowed to cool to

an equilibrium temperature dictated by the surroundings.

The results of the detailed stress analysis are described after the
following account of the analysis procedure. The conclusions indicate
that a substantial margin of safety exists between the calculated
maximum stresses for each condition and for the material strength
capability. (TablesIVand V,)

This procedure was followed in performing the analysis: Attention was
concentrated on the analysls of the maximum stress levels for the thermo-
electric couple and the radiator base plate. A less detailed analysis

was made of the generator frame because 1) the program objectives required
emphasis on the details of the thermoelectric configuration rather than on
the generator configuration and 2) because no specific satellite orientation
had been defined. To a large extent, the specific satellite configuration
and the method of attachment of the panels to the satellite will control
the stress levels in the generator frame. For example, potentially
excessive stresses caused by vibration can be reduced to within the allow-
able level by either relocating the point of attachment of the frame to

its hinge attachment or struts, or by placing a damping mechanism in the
strut between the panel and the satellite. Therefore, a vibration analysis
of the generator frame has not been performed. Consequently, the analysis
of the generator frame has been confined to a determination of the severest
potential acceleration stress levels for conservative approximations of

the actual loading conditions.

The analysis considered only elastic response of the material. Inasmuch
as the thermoelectric material is a semiconductor which would tend to
experience little plastic deformation prior to failure, the plastic effects

are not being considered.
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1.

Capability of the Structure to Withstand Accelerstion Reguirement

Requirement: The panel shall withstand 7 g's acceleration for five

minutes in both directions along three mutually perpendicular axes.

Analysis: The stresses at the bond of the SiGe element to the tungsten
shoe at the cold end were selected as the most critical acceleration-

induced stresses in the thermocouple because

a) The stresses in the region of the hot end bond will be substantially
less, resulting from a significantly smaller moment being induced by

a smaller mass (hot shoe) acting through a shorter arm.

b) Though the moment in the region of the couple (cold stack) below
the cold shoe is slightly larger than at the cold end bond, the
moment of inertia of the members is greater, and the material is

capable of withstanding higher stresses in tension than SiGe.

Thus the relatively high moment, produced by acceleration at the point
of the couple where the material is least capable of withstanding

tensile stresses, makes this the most critical region to analyze.
a. Acceleration-Induced Stresses in Thermocouple

Case I. Accelergtion in the X-Direction

In this case, the primary stress is induced by the bonding moment.
An acceleration in the X-direction will generate a moment agbout
point 0. (Figure 22.) This moment must be resisted by a bond
stresse The moment caused by acceleration will be determined
initially: total amount = Melement + Mhot shoe

where

t
_ _ st
Mhot shoe (Fhot shoe) (moment arm) = a VH 6H (£ + 2 ) (36)
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where VH is volume of hot shoe, 8 q is density of hot shoe material,
a is accelerationj and to find Melement’ consider a small increment

of the element, dm.

HOT SHOE

—— THERMOELEMENT

FIGURE 22. LOAD DISTRIBUTION IN X-DIRECTION

T 2 28 g2
_ - _ R“d6 _ 80 ppn<y7,
dF = agn = a,dVy = ady j’ 2 4z = —5——
0]
2é 2
So= 7aF = T27rRZdz
abp gr2 (P 88p g g2 (37)
and Melement - 2 g 242 = 4 37
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TABLE IV

CALCULATED MAXIMUM STRESS LEVELS IN PANEL COMPONENTS

Environmental Loading

Component and Maximum Stress Level

1. Acceleration Thermoelement bond to cold shoe — Max-X = 12.2 psil
Max-Y = 7.0 psi
Max-~-Z = 2.2 psi
Generator Frame Max-X = 3875 psi
Max-Y = 5360 psi
2. Vibration Thermocouple Max~-X = 9.0 psi
Max-Y = 18.3 psi
Radiator Base Plate Max = 103 psi
3+ Acoustic Noise Thermocouple Max-X = 25.5 psi
Max-Y = 51.8 psi
Radiator Base Plate Max = 660 psi
4e Thermal Stresses  Thermocouple-Element Max = 11,900 psi
compression
Hot Shoe Max = 10,600 psi
tension
TABLE V

MECHANICAL PROPERTIES OF COMPONENT MATERTALS

Modulus of Ultimate Tensile
Material Elasticity Strength
Silicon Germanium 18 x 106 psi p~type 3900 psi

n-type 4400 psi
Beryllium (at 4009C) 42 x 10° psi 30,000 psi
Silicon Molybdenum 18 x lO6 psi 20,500 psi

(as determined for

Ultimate Compression
Strength

150,000 psi

conditions of thermal

stress)

The detailed analyses which support the previously discussed conclusions

are:
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where §

T T

of element and 6 is the angular coordinate used in integration.

Therefore, adding (36)and (37) we get

adp grg? g2

t
iy
4

2

Total Moment = + aVH BH(['*

is density of SiGe, V., is volume of element, R is radius

(38)

Now, the resisting moment, or the moment due to the bond stress will

be determined. Consider a strip in the plane of the bond as shown

in Figure 23. (Force acts perpendicular to the plane of the paper.)

and dx = R siné dé4
therefore dA = 2R2

dF = gdA = 20R%sin® 40 ,

‘FIGURE 23. SECTION IN PLANE where ols the bond stress,and

~ Strip Area dA = 2R sinf dx
where x = R-Rcos® =R(1l~cos§ )

sin20 de

and the incremental force dF is

OF BOND aM = xdF = 2R° o (1~cos@) sin® 6d8.

Integrating between the limits O and ﬂyé gives

— 3 n 1
M = — =
2R o l ; 3‘

Now we can equate (38) and (39) and solve for o to obtain

t
adp g2 . g lu(f+ 2—H)
n

o = b4

now substituting the followlng constants

{ =1.0 CMej &g = 3.53 g/cm.B; a = 7(980) = 6.86 x 103tcm./sec2;
= 0.322cm.} 8= 2.6 g/cm.BﬁH EE = 1.127cm,.}

Rnleg = 04414 cmes

g = 0.254 cm.
VH = 10162 Cn:lc3

Rpleg
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we obtain

= 840 x 10° dynes/cm.2 = 12.2 psi

7 pleg» 3 2
= 416 x 10° dynes/cm.” = 6 psi

o nleg

(assuming, congervatively, that either leg may be required to absorb
the entire weight of the hot shoe).

The above-calculated maximum stresses for the n~ and p~legs are
neglligibly small.

Case II - Acceleration in the Y-Direction (Figure 24)
As in Case I, the primary stress is induced by the bending moment.

HOT SHOE An acceleration in the
Y-direction will generate
a moment about point 0O
which must be resisted by
the bond stress. (Point O
ACCELERATION may be located at any

THERMOELEMENT  position that simplifies
calculation of moments.)

FIGURE 24. LOAD DISTRIBUTION IN Y-DIRECTION

The Moment M which results from acceleration will be the same as in
Case I (Eq. (38) because the mass increment and the acceleration are

the same, as in the distance the force acts through.
The moment caused by bond stress will, however, be different from

that of Case I. Consider a strip in the plane of the bond, as shown
in Figure 25. (Force acts perpendicular to the plane of the paper.)
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Strip Area dA = R siné dy

|F‘ where ¥ = R-R cosf is R{1l-cosg)
0 ‘ A dy = R siné dé6

ja—n therefore dA = R2 sin20 a6
Y and the incremental force
dF =0 dA =oR° sin°6 df
FIGURE 25. SECTIONINPLANE g a = yaF = B o (1-cos6) sin® a6

integrating between the limits O and 77/2 gives

3
M:_Z’_'BZ__”_, (41)

equating moments by Egs. (38) and (41), and solving for ¢ gives

ad 2 92 t
LTRSS o aay vy (L0
o = ’ (42)

3
TR/,

using the previously denoted constants, we obtain

I

483 x 10° dynes/cm.? = 7.0 psi

d pleg 3 5
240 x 10”7 dynes/cm.” = 3.5 psi

g nleg

(again, making the conservative assumption that either leg may be

required to absorb the entire weight of the hot shoe).

The above calculated maximum stresses for the n- and p-legs are

negligibly small.
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Case III - Accelergtion in the Z-Direction

In this case, a normal tensile (or compressive) load is placed on

the bond.

Total Force, F = ma (43)

+
(6T VT GH VH) a
end the normal force F causes a stress
o =F/A (44)

where ' ’ A 1s cross sectional ares of element(1TR?)
and substituting (43) into (44) gives

6o Vo Y6,V
oo Cr e s)

substituting the previously denoted constants in (45) we obtain

apleg =151 x lO3 dynes/cm.2 = 2,2 psi

Unleg =101 x 103 dynes/cm.2 1.5 psi

(again, making the conservative assumption that either leg may be

required to absorb the entire weight of the hot shoe).

The above calculated stresses for the n- and p-legs are negligibly
small.

Finally, acceleration at any angle can be resolved into X, Y, and Z
components. Because the maximum accelerations on each axis generate
negligible stresses at the reglon of the bond, a resolved acceleration

in any direction will also generate a trivial stress.
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b. Acceleration-Induced Stresses in Generator Frame

As a conservative approximation of

actual stress state in the generator

frame, two critically located

sections of the frame are isolated as

fixed—~end cantlilever beams, and are

assumed to carry a fraction of the

panel weight greater than a propor-

tional distribution would require.

The two sections selected are shown
in Figure 26 which also shows the
assumed method of attachment of the

S A Rt

panel to the generator frame (ninged

Y

at two points on one long edge, and

[_
|
l
|
I
I
|
I
|
I_.
L

1 supported by a collapsible strut

(boom) at the center of the other
FIGURE 26. PANEL ATT ACHMENT MECHANISM long edge) .

Case It Treat as a fixed—end beam carrying an accelerated uniform
load equivalent to one-fifth of the panel weight (the full weight
of one-fifth of the panel corres-—

W 1b/in. ponding to a transverse row of

‘ ‘ t ‘ ‘ ‘ & & ‘ & &J / sections). Figures 27A and 27B.

OO

FIGURE 27A. LOADING ON SECTION OF FRAME
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(8)

The properties of the channel cross section of the beam are

—»| |e— _ t(24 + a) + d2
i y=b- S E e (46)
| (47)
T Iy :% ty3 + a(b—y)B-(a—t)(b-Y-t)

where y is the distance from the

———< ———»]

neutral axis to extreme fiber and

o
- ———— -

| =
| >

Iy is the moment of inertia of the

f‘ a ’ section,

FIGURE 27B. LOADING ON SECTION OF FRAME

Substituting the followlng constants
b = 0.375 in., t = 0.125 in.,

d = 0.250 in., a = 0.500 in.

we obtain y = 0.250 in.
Iy = 5.53 x 107> in.%

and for a fixed-end cantilever the maximum moment

max. M = % WL (48)

where W is the total load on the beam.

. (]
For L = 13.95 in., W = £+783 1b/panel éb el
acceleration of 7 g's, we obtain max. M = 85.7 in. 1b

"y

and max. stress ¢ = T = 3875 lb/in2 in tension at the topmost
y

= 1,757 1b., and considering an

fiber of the beam.

Case II: Treat as a fixed—end beam carrying an accelerated uniform
load equivalent to one-third of the panel weight (assuming support of
the entire portion of the panel below a line drawn between one hinge

support and the center edge support).
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2e

W= 2.93, L

max. moment = 159.4 in-lbs

11.59 in., acceleration =7 g's,
max. ¢ = 5360 psi
The allowable tensile stress for Beryllium at 400°C is approximately

30,000 psi.

Capability of Structure to Withstand Vibration Requirement

Requirement: The panel shall withstand vibration of a 5-g peak at the
resonant frequencies between 16 and 2000 HZ for 15 minutes along three

mutually perpendicular axes.

Analysis: The vibration-induced stresses in the couple and the radiator
support plate were analyzed. Because of the preliminary nature of the
panel frame design, and the lack of knowledge as to method of attachment
to the satellite and the nature of the transmitted loads, a vibration
analysis has not been made of the frame. The following assumptions have
been made in performing the analysis of the couple and radiator

support plate:

a) No credit has been taken for damping at any point in the structure.
Because damping will exist within the component structure, the
calculated stresses are more severe than the actual stress state.
In addition, damping mechanisms (e.g. between the panel frame and
the satellite struts) could be used, if required, to reduce high

stresses in the frame.

b) In the couple, the stresses at the bond of the SiGe element to the
tungsten shoe at the cold end were selected as the most critical
stresses induced by vibration (see discussion under analysis of

Acceleration~Induced Stresses).
c¢) The radiator support plate has not been rigorously analyzed as a

plate. It has been broken down into a series of fixed edge beams

(with point loadings) which, it is assumed, behave equivalently to
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each other for loads along the same axis. The analysis was made

of a typical section in both the X- and Y-directions.

a. Maximum Vibration-Induced Stresses in Couple

Treat the couple as a fixed-end

i cantilever at the point of bonding

to the cold stack (Figure 28).

The natural frequency of vibration

for a cantilever beam, with an

/C/C/////<//‘/C// end-load W, suppor%%?g its own

welght, wl, is

_ 3.13
wn(HZ) (49)

) ‘/(MHO.236 w) £3
3EI

where E is modulus of elasticity

[::::) and I is moment of inertia.
J » Y
The moment of inertia about each
C e (8)
axis is given by

0.007a%
0.0245d%

-+
—
i

FIGURE 28. COUPLE AS FIXED END CANTILEVER

Now, assuming the weight of the shoe is supported equally by the
n- and p-legs for loads along either the X- or Y-axis, and utilizing

the following constants

Z
£=1.0 cmey E =18 x 10° psi, W = 3.02 gn (.00666 1b.), (wi)
log = 0+00209 1b., (wl) Pigg = 0:00127+5 dpy = 0.828 cm.;

dpleg = 0.64/ cme

n leg

73




we obtaln

(I 2.76 x 1074 ny (Iy) n = 7.90 x 1077 inJ*

leg leg

(TP, = 1-0L x 1074 in4y (1y) Plog = 2-90 x 107 in.*

and

(wnX) 25,000 H_ s ( wnY)

13,390 H
leg nleg 2

n

H
Il

15,530 H_ s (w Y)

(wnx) n
Pieg Pleg

8,300 HZ

To avoid the imposition of synchronous vibrations which are developed
in component by the condition of resonance, the natural frequency of
vibration of every part should be considerably higher than the number
of impulses which the part receives during operation. This condition
of avoiding resonant frequencies is met in all instances examined

above; the closest the imposed frequency w approaches to the natural

frequency w, is where (anY) = 8300 H compared to » = 2000 H .
leg

Expressing the above as(lo’ll)

B=w/w (51)
and v = i_%7;2 = magnification factor on force or (52)

moment, the relationship between the imposed amplitude of vibration

and beam static deflection can be determined from(lo’ll)

2
w
¥ w_l
-2 = 2 = v g? (53)
aO

1-“’)2 )
w
n
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where Yo is the relative deflection of beam and a, is the

amplitude of motion due to vibration of frequency w.

To determine a,s We assume a sinusoldal mode of vibration,(lo’ll>

X =3 sin wt

° °

X:aow cos wt (54)
b

= —a, w sinwt

amplitude of acceleration = ao<»2

a = 5g/w2

therefore for extremes of frequency specified

)
1

0.1912 in. (forw= 16 HZ)
12.25 x 10“6 in. (for w = 2000 HZ)

o
H

and therefore, substituting the appropriate constants we obtain

7.84 x 107° in. (¥ __
o=X nleg o=y nleg

28 x 10‘81n.

~—
H

(Y

20.65 x 1o‘8in° (Y ) 75445 x 10"8in.

(Y oy

° pleg

— pleg
The maximum deflection and moment of a cantilever beam, with an end-

load w , supporting its own uwniform weight, wﬂ, are(g)

73 3
maxe YO = ;%ﬁ + %%ﬁ)ﬁ (55)
e = wl o+ (ul) (L) (56)

2
(at cold joint bond)

Solving for W (substituting the values of Yo previously calculated),

and then for maximum moment, we obtain

(max.Mx) = 0.0076 in.lb (max.My)
n n
leg leg

H

0.,0078 in.lb

1l

(max.Mx) = 0.0072 in.lb (max.My) 0.0073 in.lb

Pleg Pleg
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The maximum bending (fiber) stress is

where C is distance from neutral axis to extreme fiber. Using the
relationships, C = d/2 (about X-axis) and C o™ 0.5756 R (about
Y—axis)(g) (58)

and substituting the appropriate values for M and I, we obtain

(o

X n

I+

t o5 psi (vy) =1 9.3 psi

nleg

+ 9.0 psi (o) =
pleg 7 pleg

leg

(o)

I+

- 18.3 psi

The maximum stresses in the SiGe legs caused by the vibration loading
are negligibly small. Because the stresses at the hot junction will
be even smaller, and the capability of the cold stack to absorb

stresses even greater, assumption b would appear valid.

Maximum Vibration=Induced Stresses in Radiator Support Plate

The analyses of stresses induced in the radiator base plate, Figure 29,

are covered in the following cases A and B.

FIGURE 29. SCHEMATIC-RADIATOR BASE PLATE
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Case A: Treat as a fixed-edge beam of uniform width, thickness
(equivalent), and weight with three concentrated loads correspond-
ing to three thermocouples (Figure 30).

W, W, To find the natural frequency

- 9 of a fixed-end beam which supports
several concentrated loads, the

Rayleigh method, using ?ne§gy
12

NN\

principles, is applied.

(2) (3)

AN\

\\l\\
o
T3

FIGURE 30. LOAD DISTRIBUTION ON FIXED END BEAM

The static deflection equation of a fixed-end beam with a single

concentrated load is given by
= ZE i3 (34 + bx -3al), from 0 £ X < a

Wa2 L-x 2
and Y = —Efiig———l— (3b+a) (L-x)-3bL, from

o< x<1t®

(59)

Where W is the weight of one thermocouple plus one-third the weight
of the beam (this assumption can be used since the deflection
caused by the equivalent concentrated load is very nearly equal to
the deflection caused by the weight of the beam) and equals W, + “L

1 3°
Now, substituting the following constants into Eq. (59)

W, = 0.0274 1b, & = 0.370 in., by = 2.674 in., L = 3.044 in.

we obtain for point (1) in Figure 30

7




v = 0.002705 y = 0.00516 y = 0,000560

11 = EI » “12~  EI ’» 713 7 EI
- _ 0.00140
= + + =
and Yl Yll le Y13 Bl s (60)

now, applying the same method to points (2) and (3) in Figure 30

and using the following constants

W2 = WB = 0.0274 1b., a, = 1.522 in., a3 = 2,674 in., b2 = 1.522 in.,
b3 = 0,370 in.,
we obtain

¢ -y  =0:00086 4 _0.00563
21~ 23 EL ° 22  EI

v =Y. +y  +y . =007

27 T2 T2z 723 EI (61)
and
_ _ 0.001404
Y, =Y =S5 (62)
. (12)
Now, to find the natural frequency of the beam, we use
3
5 8 Z‘;l W.Y,
w5 .:._3_12__1_% (63)
> W, ¥,2
=
where g is the acceleration constant.
For this case, Wl = W2 = WB; therefore Eq. (63) reduces to
Y+Y+Y
w 2 :g(zl 22 l) 5 (64)
n + +
¥y Y2 Y3

and substituting the values for Yl’ Y2, and Y3 from Egs. (60)-(62)

respectively, we obtain
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wn2 = 0.0476 x 10° EI

where E=/42x ].O6 psi (for Beryllium at 400°C).
The moment of inertia of the equivalent uniform beam (Figure 31) is, (13)
BCl3 - bh3 + a023
3
- B >
where h ig Cl—d
2 2
! e ew?
d and Cl >(aH T ba) 02 =H - Gl
____l_ using the constants
H —_— - =4 —N.A B =1.152 in., H = 0.260 in.,
{_ b/2 = 0.536 in., a = 0.080 in.,
f— a —™ h
y d = 0.060 in.,
we obtain
C1 = 0.,1122 in., 02 = 0.1478 in.,

FIGURE 31. SECTION OF BASE PLATE RIB h = 0.0522 in.

and substituting in (65), we obtain I = 578.5 x 107° in.
which when substituted in Eq. (64) gives

4

w = 5430 H o

Because the natural frequency is well above the range of imposed

frequencies, there is no chance of resonance occurring.

Now, using Egs. (51) - (54) and the imposed vibration requirements,

we obtain

3::¢W¢n = 0.368 (for w = 2000 HZ being the more severe case)
1/1 - B° = 1.159
12.25 x 107 1n. (for © = 2000 )

v

I

a
(¢}
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which gives

2

T =a vB° =1.94 x 10'6 in.

o
Now, the maximum deflection of the beam occurring at point (2) is
given by Eq. (61): Y2 = 0.00735/EI = 0.331 x lO-6 in.; the static
deflection is therefore amplified by the factor YO/Y2 = 5.86.
Therefore, the Maximum Moment in the beam at the fixed edge, result-
ing from the vibration loading, is

e, = (B -0 ) (5 ) (69

maXe

where a is 0.370 in., b is 2.674 in., L = 3.044 in.
which gives M = 0.,1019 in. 1b.

max.
The maximum fiber bending stress is

where C1 is 0.1122 in., 02 is 0.1478 in., I is 578.5 x lO—6in.4
or o Max. = 26.2 psi.

The ultimate tensile strength of Beryllium at 4009C is approximately
30,000 psi. The calculated stress is therefore negligible by

comparison.

Q

ase B: Treat as a fixed-edge beam of uniform width, thickness
(equivalent), and weight with four concentrated loads corresponding

to four thermocouples (Figure 32).

w w w W
%éc]’l] lz l:; 14 y The same procedure is
X followed in this case
////// < ;;;;;; as 1n Case A,
/‘x%‘é by \>/
I —H,

FIGURE 32. LOAD DISTRIBUTION ON FIXED END BEAM
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The constants in this instance are:

Wy =W, =Wy =W, =0.0259 1b |
a) = 0.370 in., a, = 1.522in., a; = 2.67/ in., a, = 3.826 in.
by = 3.826 in., b, = 2.674 in., by = 1.522 in., b, = 0.370 in.,

L = 4.196 in.
whichy from Eq. (59), gives
5.56 x 10™%/EI

Y = 3.315 x 1074/E1, ¥, =944 x 10 ~4/EI, Y .
— =4
Yl4 = 0.4745 x 10" */EL
and
- - —4
Yo=Y, Y, 4 Y+ 4 =18.75 x 10 /EI
Ty =942 x 10 /EI, T,, =78.8 x 10" /EI, T3 =59.9 x 10‘4/EI,
Y, = 5.5 x 10 4 /BT
= -4
T, =Y, +¥ ¢ 23 +4Y24 = 153,68 x 10" */EI
Y, =7, =153.68 x 107"/EL.
- - -4
Y4 = Yl =18.75 x 10"*/EIL
substituting ¥ Y4 into Eq. (64) yields
w 2 = 2,78 x 104EI
° 6 A
where Eis 42 x 10" psi and I is 578.5 x 10 “in.

and therefore w 3445 HZ.

The natural frequency of 3445 HZ is congiderably greater than the
maximum imposed frequency of 2000 Hz. There is no danger of a
resonant condition being imposed.

From Eqs. (51)-(54) we obtain

B=0.616; v=1.61; a, =12.25 x lO_6 in.; YO = 7.5 x 10_6 in.,

‘now the maximum deflection of the beam occurring at point (2) is

given by Eq. (61)

22 = 153.86 x 10'4/EI = 0.633 x 10’6 in
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The static deflection is therefore amplified by the factor
YO/Y2 = 11.85

and the maximum moment in the beam at the fixed edge, resulting

from the vibration loading,is

2 2 2
B W albl W a2b2 Wa,b W a 2b

3 3 VA
= + +
max. M > + 5 D) ) (67)
which gives maxe M = 0.4035 in. 1b.

The maximum fiber bending stress
O . = Mmax.C/I = 103 psi

This stress is also negligibly small.

3+ Capability of Structure to Withstand Acoustic Nolse Requirement

Reguirement: The panel shall withstand for five minutes a total integrated
sound pressure level of 148 decibels referred to 0,0002 dynes per cm.2

with the frequency spectrum shown in the Figure 3 in the specification.

Analysig: Sound is essentially a vibration of audible frequency, and
therefore this requirement will be analyzed in the same manner as in

Section 2, with the same assumptions applied.

To convert the specified sound pressure level to & unit pressure loading,

(16)

the following expression is used:

P
2 microbar

Sound Pressure Level (db)} = 20 loglO 0.000 (68)

where 1 microbar =1 dyne/cm.z, and P is the sound pressure or total

instantaneous pressure at that point in the presence of a sound wave

(minus the static pressure)

g2



now for SPL = 148 dbs, we get from Eq.'(68)
P =0.11 psi

In addition, the natural frequencies of the couple and radiator base
plate determined in Section 2 are (along X- and Y-axes) far in excess
of the range of imposed frequencies shown in the specified frequency
spectrum. There is, therefore, no possibility of a resonant condition

being imposed at any time during operation.

Utilizing the same analyses that were applied in Section 2, we can
determine that instantaneous application of the 0.1l psi pressure
loading along the X- or Y-axes will create the following approximate

maximum stresses:

1. In the SiGe couples:

(e4) =12.7 psi (o y),
leg leg

It

26.4 psi

51.8 psi

i

(UX) 25.5 psi (aY)

p1eg pleg
2. In the radiator support plate:
Case A: 0 max. = 160 psi

Case B: o max. = 660 psi

The stresses caused by noise loading are also negligible in relation to
the allowable stresses. In addition, the total stress levels along the
X~ and Y-axes for a simultaneous imposition of acceleration, noise, and

vibration loading are quite small, and well within the allowable ranges.

Capability of Structure to Withstand Thermal Stresses

Two conditions will be examined: 1) the maximum thermal stresses induced
in the structure during normal steady state operation
2) the maximum thermal stresses imposed

by the thermal transient test requirement.

83




The following assumptions are made in performing the analysis:

a) No stress relaxation caused by creep or plastic flow is assumed. The

thermal stresses are not assumed to be reduced by material

displacement or flow at elevated temperatures.

b) The thermal stresses induced in the couple in the SiMo hot shoe
and the SiGe elements are assumed to be the most severe under
conditions of constant temperatures, or of the imposed operating
temperature gradient. The cold end junction between the SiGe
and the cold stack is subjected to smaller temperature extremes,
and is of the same construction as the SNAP-10A hot side, which
has undergone environmental thermal shocks, gradients, and
cycling far more severe than the requirements of this program
without ever experiencing a failure. In addition, the thermal
stresses in the radiator plate, stud, and frame will be small,
because none of these components are subject to large temperature

gradients or have any materials expansion mismatch.

Maximum Thermal Stresses in Couple During Normsl Operation

For the bonding of two members, a zero stress state will exist at

the bonding temperature. At any other temperature, the non-uniform
thermal expansion of the two members will result in a stressed con-
dition. At room temperature, the differential expansion of the two
members is greatest (furthest removed from bonding temperatures), and
the stresses induced in the region of the bond are therefore g

maximum at room temperature.

The couple structure of the hot shoe bonded to the element can be
approximated by the structural element in Figure 33. The plate is
heated to temperature TP and the element 1s at temperature Teo

Assuming no bowing or buckling, the thermal stresses in plate o7,

(15) F

and in element o, are given by
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| | °p 7 _EP (aPTP "aeTe)

| | L2t Ep (69)

I | AE

| l e e

l | a

| | and - bty

I } % =TI p (70)
e

| |

| ] l where EP’ Y and Ee, @  are the

+ moduli of elasticity and coeffi-
] tH cients of thermal expansion of
?, the plate and element, respec-
- A, CROSS SECTION ~ 1VeLV-
AREA OF ELEMENT

FIGURE 33. APPROXIMATION OF HOT
SHOE-TO-ELEMENT CONFIGURATION

The SiMo-to-SiGe bonding temperature is approximately 1200°C, there-

fore, for isothermal room temperature conditions

Tp =T, = 1200 —22 = 1175°C
= Ee 18 xélO psi

4s0 x 107°/C

a, = 47 x 10'6/00

d

wf?

R
g
f

and ty = 0.1457 cme, b = 2,825 ema, A_ = 0,322 om.*(p
2
0.414 cm. (nleg)

leg);

when substituted in Eqs. (69) and (70) we obtain
for the SiGe n-leg~to-SiMo junction

op = 6500 psi (tension)

o, = 8300 psi (compression)
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for the SiGe p-leg-to-SiMo junction
o, = 7410 psi
o, = ~7380 psi

The SiGe material has a measured capability to withstand compressive
loading to approximately 130,000 psi (U.C.8.). Analysis of various
couple configurations of this type indicates that the SiMo material
is capable of withstanding a minimum of 20,500 psi in tension due to
thermal stress loading. Furthermore, couples having more extreme
variations in geometry are fabricated with no failures observed when

they are brought down to room temperature.

Capability of Couple to Withstand Thermal Transient Requirement

Requirement: The panel shall withstand the following thermal
transient test: It shall be heated to an absorber surface temp-
erature of 1500°F as rapldly as possible when subject to the thermal
flux required to achieve this hot junction temperature. Immediately
after temperature equilibrium has been established, heating shall
cease. The panel shall be allowed to cool to an equilibrium temp-
erature by radiating to the surrounding walls of a liquid nitrogen

cooled chamber. This cycle shall be repeated twice.

Analysis: Consider the thermal stresses produced in the couple by
1) the temperature gradient imposed at a hot junction temperature
of 1500°F (816°C) and a cold junction temperature of 788°F (420°C),
and 2) the isothermal state corresponding to the liguid nitrogen
temperature of -311°F (-192°C).

(l) Stresses Corresponding to Hot Junction Temperature of 1500°F

Referencing the temperature to the zero stress temperature, we

obtain
Tp = 1200 -816 = 384°C (724°F)
T_ = 1200 - 816—2-42—0 = 5820C (10800F)

(for a linear gradient)
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and using the previously noted constants in Egs. (69) and (70)

gives, for the SiGe n-leg-to-SiMo Jjunction

o, = 9300 psi

P
oo -~11,900 psi

and for the SiGe p-leg-to~SiMo junction

op = 10,600 psi
o, = 10,550 psi

Stresses Corresponding to Liguid Nitrogen Equilibrium Temperature

In this case, the couple structure is isothermal at an equilibrium
temperature of —3119F (-192°C). Applying Egs. (69) and (70)

gives for the SiGe n-leg-to-SiMo junction

Ub = 7700 psi
o—e = —9840 pSi

for the SiGe p-leg-to-SiMo junction
o = 8300 psi

o, = -8750 psi

As before, the maximum stresses are within the allowable ranges
determined for the materials. Further, it should be noted that
thermoelectric couples, similar in construction, have been

subjected to rapid immersion (essentially shock condition) into

a liquid nitrogen bath with no failures.
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IV, TEST PANEL REFERENCE DESIGN

Layout Drawings of the Reference Design Test Panel
RCA is obligated to fabricate and deliver three flat plate sections of the

150-watt SiGe solar thermoelectric generator. The reference design of the
test section was changed from twelve to nine couples to provide a panel
section geometry compatible with Lewis Research Center test equipment. The
nine-couple test section is electrically connected in series instead of

gseries parallel.

The following parameters will apply to the nine couple test panel when tested

under specified design conditions:

Power in Load (watts) 2.81
Load Voltage (volts) 1.00
Load Resistance (ohms) 0.353
Internal Resistance (ohms) 0.295
Current (amps) 2,82
Open Circuit Voltage 2.05

Engineering drawings for the nine-couple test panel section are attached.

A brief description of each drawing follows:

Test Panel Assembly (Figure 34) - Drawing of the nine-couple test panel

section depicting the complete assembly with insulation.

Test Panel Base Plate Section (Figure 35) - Dimensioned drawing of the

beryllium base plate for a nine-couple test panel section.

Test Panel Electrical Schematic (Figure 36) — Electrical schematic of the

nine-couple test panel sectlon showing series circuit connection.

Solar Test Panel Instrumentation Hegt—Reception and

Heat-Rejection Plate Thermocouples (Figure 37) - Instrumentation for the

nine-couple test panel section showing heat-reception and heat-rejection

plate thermocouple locations for five couples.
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Solar Test Panel Ingtrumentation Voltage Taps
and Current Leads (Figure 38) - Voltage tap and current lead locations for

the nine-couple test panel section.
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NO. OF COUPLES - 9

“N & P” COUPLE
ASSEMBLY (TYP.)

FIGURE 36. ELECTRICAL SCHEMATIC~—TEST PANEL
SERIES CIRCUIT
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FIGURE 37. SOLAR TEST PANEL INSTRUMENTATION
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FIGURE 38. SOLAR TEST PANEL INSTRUMENTATION (VOLTAGE TAPS & CURRENT LEADS)
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V. THERMOELECTRIC MATERTALS PROPERTIES

The characteristics of the n-type and p-type SiGe and SiMo alloys employed in

the Solar Thermoelectric Generator design are presented in this section. In

addition, a discussion of those properties of SiGe which make it attractive

as a thermoelectric material is also included.

A.

Silicon-Germanium Thermoelectric Material Properties
Temperature-dependent thermoelectric properties for n-type and p-type

SiGe alloys which include electrical resistivity, Seebeck coefficient,
and thermal conductivity are shown in Figures 39 through 41. Essential
thermal and mechanical characteristics of SiGe alloys are shown in Table
VI.

Silicon-Molybdenum Alloy Material Properties

The electrical resistivity and thermal resistivity of the silicon molyb-
denum alloy hot shoe material employed in the development of the silicon-

germanium thermoelectric panels are shown in Figures 42 and 43.

Background Information on Silicon-Germanium Thermoelectrics

While the efficiency of s thermoelectric generator depends, in theory,

on only a few thermoelectric properties, in practice it is necessary that
the thermoelectric material possess a number of additional mechanical
properties so that reliable devices can be constructed. The thermoelectric
material should have reasonable strength, should be chemically stable at
high temperatures, and should have a low coefficient of thermal expansion
to minimize thermal stresses. In addition, means should be available for
Joining the thermoelectric material to other members of the thermoelectric
structure so that efficient thermal and electrical flux paths can be
maintained. Silicon-germanium alloys represent a major contribution to the
thermoelectric art in that they combine good thermoelectric properties with
an extremely favorable combination of mechanical properties, permitting

construction of reliable devices with significant efficiencies.

Some of the unique features of the silicon-germanium thermoelectric alloys

are that they are operable at elevated temperatures (approximately 1800 -

95




ELECTRICAL RESISTIVITY - m ! - em.
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FIGURE 39. ELECTRICAL RESISTIVITY OF n- AND p-TYPE §iGe ALLOYS
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FIGURE 40. ABSOLUTE SEEBECK COEFFICIENT OF n. AND p-TYPE S$iGe ALLOYS
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THERMAL CONDUCTIVITY - watt/°C - cm.

l l l | I | l | | | | |

0 100 . 200 300 400 500 600 ' 700 800 900 1000 1100 1200

FIGURE 41. THERMAL CONDUCTIVITY OF n- AND p-TYPE SiGe ALLOYS

TABLE VI
PHYSICAL PROPXRTIES —~ THERMOELECTRIC MATERTIALS

§Apgroximate Values)

Property SiGe Si-Alloy Hot Shoe
Thermal Expansion Le8 to 5.0 x 10_6°K Same as SiGe
Tensile Strength

p-type: 932°F(5000°C) 3900 psi —

n-type: 932°F(5009C) 4400 psi _—
Compressive Strength 150,000 psi —
Avg. Modulus of Rupture 3600 psi -
Vapor Pressure 3 x 1077 at 1472°F(800°C) —_—
Density 3 to 3.5 g/cm.3 2.6 g/cm.3
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FIGURE 43. THERMAL RESISTIVITY OF SILICON MOLYBDENUM ALLOY
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1900°F (1000°C); they are mechanically strong (tensile strength is many
times that of conventional thermoelectric materials); they are less dense
than conventional thermoelectric materials by a factor of about two and
one-half times; they are relatively free from harmful oxidation effects;
they are operable in vacuum and air for long periods without encapsulationy
they are completely non-magnetic (both the active material and the normally-
used RCA contacting materials).

Other unique features which enhance the applicability of SiGe thermo-

electric materials are:

Utilizgtion of the Material

The use of many thermoelectric materials in practical power-generating

devices has been hampered by the inability to create stable, strong,
low-electrical resistance contacts to the materials. However, RCA has
developed an excellent ionic bond to metallic contacts for silicon ger-
manium. This development was a key step in the utilization of the char-
acteristics of this material in practical, operating devices. In fact,
this development made it feasible to meet the design requirements of such
space power supply systems as the SNAP-10A.

Efficiency

The efficiency of silicon-germanium thermoelectric material is, of course,

a function of the temperature range in addition to the device design.

For this reason, it is desirable to have the hot junction temperature as
high as possible. Silicon-germanium alloys, with their demonstrated
capability for high-temperature operation in practical device configurations,
are able to take advantage of high-temperature heat sources to gain either
improved thermoelectric efficiencies or high cold junction temperatures

for minimizing radiator weight.

Radiation Resistance
Complete quantitative data for the radiation resistance of silicon-germanium
alloys are not yet available; but initial investigations have been made.

Samples of the material have been exposed to integrated neutron fluxes in
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excess of 5 x 1018 nvt with only minor effects on either the Seebeck

coefficient or resistivity. Although these early tests were not performed
at operating temperatures, subsequent annealing of the specimens at operat-
ing temperatures for short periods removed most of the damage. Although
further investigation of the effect of radiation on silicon-germanium alloys
is necessary, the results to date indicate that no major problems will be

encountered in this area.

Mechanical Strength
Because almost all space power systems will be subjected to severe mechan-

ical enviromments during vehicle launch, the thermoelectric structures must
be extremely reliable. The devices incorporating SiGe have demonstrated
the same favorable mechanical characteristics as the materials themselves.
For example, modules intended for use in the SNAP-10A system were tested

in accordance with the mechanical tests specified for the Atlas-Agena
vehicle combination. In all cases, the modules have been tested without
failure to levels twice the specification limit. The test limitations

indicated have generally been a limitation of available test equipment.

Dengity

As mentioned earlier, the silicon-germanium alloy is a low-density material.
For example, the converter system alone of the SNAP-10A has a specific
power of about /4 watts per pound at an efficiency of about 2 percent. The
specific power of only the thermoelectric material is many times 4 watts
per pound because most of the welght is incorporated in the radlators, in
the 1liquid metal tublng, in the insulator stacks, and in associated
structures. Significantly, these values are not limited by the structures
but more by the available temperatures. For example, an increase in the
avallable heat source temperature could increase both the efficiency and
specific power of the device, without the need for major changes in the

structure.

Nonmagnetic
Silicon-germanium thermoelectric materials are nonmagnetic. Additionally,

all of the other materials employed in making usable thermocouples,

including the hot and cold shoes, are nonmagnetic. As a result, no special
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precautions or magnetic shielding are needed when using this material in

close proximity to sensitive measurement instrumentse.

Summary

In the past few years, advances in thermoelectric materials and in device
technology have made thermoelectric power systems technically and prac-
tically feasible. The work accomplished by RCA in thermoelectrics,
supported both by Government programs and RCA funds, has contributed
significantly to this advance. The development of silicon-germanium alloys
and the contact and device technology attendant on their use have been

demonstrated as a sound basis for reliable long-life power systems.
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